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ABSTRACT
The v a r i a t i o n  o f  t h e  th e rm a l  r e s i s t a n c e ,  R l g h l - L e d u c ,  P e l t i e r  and 
E t t I n g s h a u s e n  e f f e c t s ,  a t  l i q u i d  h e l iu m  t e m p e r a t u r e s ,  In m a g n e t i c  f i e l d s  
up t o  10 K i l o g a u s s  has  been  i n v e s t i g a t e d .  The m e asu rem en ts  were  t a k e n  
w i t h  e i t h e r  a c o n s t a n t  h e a t  c u r r e n t  o r  a c o n s t a n t  e l e c t r i c  c u r r e n t  
f l o w i n g  p e r p e n d i c u l a r  t o  t h e  h e x ag o n a l  a x i s .  The m a g n e t i c  f i e l d  was 
p a r a l l e l  t o  t h e  h e x a g o n a l  a x i s .
The m a g n e t o r e s 1 s t a n c e ,  H a l l  e f f e c t ,  t h e r m o e l e c t r i c  power and 
E t t l n g s h a u s e n - N e r n s t  e f f e c t  were  m e asu re d  In t h e  same c r y s t a l ,  in t h e  
same cond i 11o n s .
The R lg h l - L e d u c  e f f e c t  i s  found  t o  change  s i g n  a t  5**00 g a u s s .  
O s c i l l a t i o n s  o f  de H aas -van  A lphen  ty p e  were found ,  w i t h  a p e r i o d  
P « 6 . 1*4 x 10” ^ g a u s s - 1 - The E t t  I n g s h a u s e n  e f f e c t  i s  found to  be p u r e l y  
o s c i l l a t o r y  w l t h  P -  6 .^ 5  x 10“ ^ g a u s s - 1 . The a m p l i t u d e  o f  t h e  
o s c i l l a t i o n s  seem t o  I n c r e a s e  l i n e a r l y  w i t h  t h e  m a g n e t i c  f i e l d  s t r e n g t h .  
The P e l t i e r  e f f e c t  shows o s c i l l a t i o n s  w i t h  P -  6.  ?8 x 10” "' g a u s s - 1 , 
s u p e r im p o s e d  on a s t r o n g  l i n e a r  m o n o to n ic  I n c r e a s e  whose s l o p e  i s  
d eg -cm /am p /K g au s s .  A p h a se  I n v e r s i o n  of  t h e  o s c i l l a t i o n s  I s  o b s e r v e d  
f o r  H <  5 K gauss ,  s i m i l a r  t o  what ha s  been  a l r e a d y  o b s e r v e d  In  th e  
t h e r m o e l e c t r i c  power o s c i l l a t i o n s .
From t h e  c o m p ar i so n  or  t h e  H a l l  and R lg h l - L e d u c  e f f e c t s ,  an  a p p a r e n t  
t r a n s v e r s e  Lorenz  r a t i o  I s  com puted .  S i m i l a r l y ,  from c o m p ar i so n  o f  t h e
vl I
t h e r m a l  end e l e c t r i c a l  m a g n e t o r e s i s t a n c e  e f f e c t s  an a p p a r e n t  l o n g i t u d i n a l  
Lorenz  r a t i o  I s  com puted .  T h e i r  b e h a v i o r  I s  compared w i t h  t h e o r y  and 
w i t h  p r e v i o u s  r e s u l t s  found  In  t h e  l i t e r a t u r e .
An e x t r a p o l a t i o n  g i v e s  an  e s t i m a t e  o f  t h e  l a t t i c e  c o n d u c t i v i t y  o f  
z i n c  a t  2°K, e q u a l  t o  . 0 2  w a t t / d e g - c m .
The t h e r m o e l e c t r i c  power and E t t I n g s h a u s e n - N e r n s t  r e s u l t s  a r e  
compared  r e s p e c t i v e l y  w i t h  t h e  P e l t i e r  and  E t t I n g s h a u s e n  r e s u l t s  in 
th e  l i g h t  o f  t h e  O nsage r  Theorem. An e x c e l l e n t  a g r e e m e n t  w i t h  th e  t h e o r y  
I s  found .
The two t h e r m o e l e c t r i c  c o e f f i c i e n t s  and  d e f i n e d  by the
e q u a t I  on ,
^1 “  “ €Vk^*k
a r e  computed  and t h e i r  b e h a v i o r  a n a l y z e d  in  t h e  l i g h t  of  r e c e n t  t h e o r i e s .
CHAPTER I 
INTRODUCTION
I . I r r e v e r s i b l e  Thermodvnaml c s  and  t h e  O n sao e r  Theorem. *
The th e r m a m a g n e t I c  an d  g a 1vanomagna t  Ic  e f f e c t *  whose m easurem ent*  
a r e  t h e  s u b j e c t  o f  t h i s  work c a n n o t  be e x p r e s s e d  In  t e rm s  o f  e q u i 11 b r I u n  
s t a t e s .  They a r e  p r o c e s s e s  and  t h e  p ro b le m  one I s  c o n f r o n t e d  w i t h  I s  
t h a t  o f  t h e  r a t e s  o f  t h e s e  p h y s i c a l  p r o c e s s e s .  C o n s e q u e n t l y  t h e  
t h e r m o s t e t l c  t h e o r y  and  t h a  e q u i l i b r i u m  s t a t i s t i c a l  m e c h a n ic s  a r e  n o t  
a p p l i c a b l e  h e r e .  For  t h e s e  I r r e v e r s i b l e  p r o c e s s e s ,  one  m us t  t u r n  t o  
t h e  t h e o r y  o f  " I r r e v e r s i b l e  Therm odynam ics"  and t o  t h a  n o n e q u i l i b r i u m  
s t a t i s t i c a l  m e c h a n i c s .  C o n s e q u e n t l y ,  we s h a l l  g i v e  h e r e  a b r i e f  a c c o u n t  
o f  t h e  f u n d a m e n ta l  p o s t u l a t e  o f  t h i s  t h e o r y ,  d e f i n e  t h e  a p p r o p r i a t e  
q u a n t i t i e s  t h a t  d e s c r i b e  I r r e v e r s i b l e  p r o c e s s e s  an d  In  t e rm  o f  t h e s e ,  
s t a t e  t h e  O n sag e r  Theorem.
The t h e o r y  o f  n o n e q u l l I b r i u m  s t a t i s t i c a l  m e c h a n ic s  i s  b a s e d  on t h e  
two p o s t u l a t e s  o f  t h e  e q u i l i b r i u m  t h e o r y ,  p l u s  t h e  a d d i t i o n a l  p o s t u l a t e  
o f  t im e  symmetry  o f  p h y s i c a l  laws.  T h i s  a d d i t i o n a l  p o s t u l a t e  s t a t e s  
t h a t :  A l l  t h e  laws o f  p h y s i c s  r em a in  u n changed  I f  t h e  t im e  t  Is
e v e r y w h e r e  r e p l a c e d  by I t s  n e g a t i v e  - t  and  i f  s i m u l t a n e o u s l y  t h e
* T h t s  f o l l o w s  c l o s e l y  t h e  t r e a t m e n t  by H. D. C a l l e n ,  "Thermo- 
d y n e m l c s , "  Chap. 16, John W i ley  and  S o n s ,  I n c . ,  New York, i9 6 0 .
I
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e x t e r n a )  m a g n e t i c  f i e l d  He i s  r e p l a c e d  by I t s  n e g a t i v e  -He. The m os t  
p r a c t i c a l l y  s i g n i f i c a n t  r e s u l t  o f  n o n e q u l I I b r I  un th e rm odynam ics  I s  t h e  
O nsage r  r e c i p r o c i t y  t h e o r e m ,  w h ich  e x p r e s s e s  a c e r t a i n  symmetry  In  t h e  
r e s p o n s e  o f  two s i m u l t a n e o u s l y  o c c u r r i n g  p r o c e s s e s .
P r e p a r a t o r y  t o  o u r  s t a t e m e n t  o f  t h e  O nsage r  th e o re m ,  we d e f i n e  
c e r t a i n  q u a n t i t i e s  t h a t  a p p r o p r i a t e l y  d e s c r i b e  I r r e v e r s i b l e  p r o c e s s e s .  
B a s i c a l l y  we r e q u i r e  two t y p e s  o f  p a r a m e t e r s :  one t o  d e s c r i b e  t h e
" f o r c e "  t h a t  d r i v e s  a  p r o c e s s  and  one  t o  d e s c r i b e  t h e  r e s p o n s e  t o  t h i s  
f o r c e .
The p r o c e s s e s  o f  m os t  g e n e r a l  I n t e r e s t  o c c u r  In  c o n t i n u o u s  s y s t e m s ,  
s u c h  a s  t h e  f l o w  o f  e n e r g y  In  a b a r  w i t h  a  c o n t i n u o u s  t e m p e r a t u r e  
g r a d i e n t .  Howe v e r ,  t o  s u g g e s t  t h e  p r o p e r  way t o  c h o o se  p a r a m e t e r s  In  
su ch  c o n t i n u o u s  s y s t e m s ,  we f i r s t  c o n s i d e r  t h e  r e l a t i v e l y  s i i p l e  c a s e  
o f  a  d i s c r e t e  s y s t e m .  A t y p i c a l  p r o c e s s  In  a  d i s c r e t e  s y s t e m  would  be 
t h e  f l o w  o f  e n e r g y  from one homogeneous s u b s y s t e m  t o  a n o t h e r  t h r o u g h  an  
i n f i n i t e l y  t h i n  d l a t h e r m a l  p a r t i t i o n .
C o n s i d e r  a  c o m p o s i t e  s y s t e m  composed o f  two s u b s y s t e m s .  An e x t e n s i v e  
p a r a m e t e r  h a s  v a l u e s  X^ and  X£ In  t h e  two s u b s y s t e m s ,  and  t h e  c l o s u r e  
c o n d i t i o n  r e q u i r e s  t h a t
X^ + X^ -  Xff, a  c o n s t a n t  
I f  X|( and  X£ a r e  u n c o n s t r a i n e d ,  t h e i r  e q u i l i b r i u m  v a l u e s  e r e  d e t e r m i n e d  
by t h e  v a n i s h i n g  o f  t h e  q u a n t i t y ,
w here  S I s  t h e  e n t r o p y .  Thus ,  I f  F^ I s  z e r o ,  t h e  s y s te m  i s  In  e q u i l i b r i u m ,  
b u t  I f  I s  n o n z e r o  an  I r r e v e r s i b l e  p r o c e s s  o c c u r s ,  t a k i n g  t h e  s y s te m
3
to w ard  t h a  e q u i l i b r i u m  s t a t e .  Tha q u a n t i t y  F^ ,  w h ich  i s  t h a  d i f f e r e n c e  
In  t h a  e n t r o p y - r e p r e s e n t a t i o n  I n t a n s  Iva  p a r a m e t e r s ,  f k -  a c t s  a s  a 
" g e n e r a l i z e d  f o r c e "  w h ic h  " d r l v a s "  t h a  p r o c a s s .  Such g a n a r a l l z a d  f o r c a s  
a r e  c a l l e d  a f f I n i t l a s .
For  d a f I n l t e n e s s ,  cons  I d a r  two sys ta rns  s e p a r a t e d  by a d l a t h e r m a l  
w a l l ,  and  l e t  X^ be  t h a  a n a r g y  U. Than t h a  a f f i n i t y  I s ,
No h a a t  f lo w s  a c r o s s  t h a  d l a t h a r m a l  w a l l  I f  t h a  d i f f e r e n c e  In  I n v e r s e  
t e m p e r a t u r e s  v a n i s h e s .  But a  n o n z e r o  d l f f a r a n c a  In  I n v e r s e  t e m p e r a t u r e ,  
a c t i n g  a s  a  g a n a r a l l z a d  f o r c e ,  d r l v a s  a f lo w  o f  h a a t  b e tw een  t h a  s u b ­
s y s t e m s .  The e x t e n s i o n  o f  t h i s  exam ple  t o  a c o n t i n u o u s  s y s te m  I s  s e e n  
by t h a  method o f  l o c a l  e q u i l i b r i u m ,  t o  y i e l d  f o r  t h a  a f f i n i t y  t h a
g r a d i e n t  o f  —.
T
S i m i l a r l y ,  I f  X^ I s  t h e  vo lu m e ,  t h e  a f f i n i t y  F^ I s  ^  (^)  and  I f  
X^ I s  t h a  number o f  e l e c t r o n s  p a r  u n i t  volume t h e  a s s o c i a t e d  a f f i n i t y  
I s  V  w here  u  I s  t h a  e l e c t r o c h e m i c a l  p o t e n t i a l  p a r  p a r t i c l e .  More 
g e n e r a l l y ,  one  h a s  F^ -  V  ^k*
We c h a r a c t e r i z e  t h a  r e s p o n s e  t o  t h e  a p p l i e d  f o r c e  by t h e  r a t e  o f  
c h an g e  o f  t h a  e x t e n s i v e  p a r a m e t e r  X^. Tha f l u x  J k Is  t h a n  d e f i n e d  by
J k - £
I t  I s  t h a  r e l a t i o n s h i p  be tw een  f l u x e s  and  a f f i n i t i e s  t h a t  c h a r a c t e r i z e s  
t h a  r a t e s  o f  I r r e v e r s i b l e  p r o c e s s e s .
For  c e r t a i n  s y s t e m s ,  t h e  f l u x e s  a t  a  g i v e n  I n s t a n t  depend  o n l y  on 
t h a  v a l u e s  o f  t h e  a f f i n i t i e s  a t  t h a t  I n s t a n t .  ¥ a  c a l l  su ch  s y s te m s  
M a r k o f f t a n ,  an d  we r e s t r i c t  o u r  a t t e n t i o n  t o  t h i s  ty p e  o f  s y s t e m .
(2)
k
For  a n o n -M a rk o f f  Ian  s y s te m  t h a  f l u x e s  may dapand  upon t h a  v a l u e s  
o f  t h a  a f f i n i t i e s  a t  p r e v i o u s  t i m e s  a t  w a l l  a s  upon t h a  v a l u a s  a t  t h a  
p r a s a n t  t l m a .  In t h a  a l a c t r l c a l  c a s e ,  a  p u r a  r a i l s t o r  I s  a  M ar k o f f  I an  
s y s t e m ,  w h a r a a s  a  c i r c u i t  w i t h  c a p a c l t a n c a  o r  t n d u c t a n c a  I s  n o n - M a r k o f f t a n .  
A n o n - M a r k o f f I a n  s y s t a m  h a s  a "mamory ."
For  a  M ark o f f  Ian  s y s t a m ,  by d e f i n i t i o n ,  a a c h  l o c a l  f l u x  d a p an d s  
o n l y  upon t h a  I n s t a n t a n a o u s  l o c a l  a f f i n l t t a s  and  upon t h a  I n t a n s l v a  
l o c a l  p a r a m a t a r s .  T ha t  I s ,  In  v a c t o r  n o t a t i o n
I t  s h o u l d  ba  n o t a d  t h a t  we do  n o t  assume t h a t  a a c h  f l u x  dap an d s  o n l y  on 
I t s  own a f f i n i t y  b u t  r a t h e r  t h a t  a a c h  f l u x  d a p an d s  on a l 1 a f f i n i t i e s .
Each f l u x  v a n i s h e s  a s  t h a  a f f i n i t i e s  v a n i s h ,  s o  we can  ex p an d  
J k In powers  o f  t h a  a f f i n i t i e s  w i t h  no  c o n s t a n t  te rm .
J k “  ^  Lj k FJ + ^ 7  ^  ^  Ll j k Fl Fj  + " *
— ^ k ^ o *  * * * Fj *  * * * '  F0 * (*♦)
The f u n c t i o n s  L j^  a r e  c a l l e d  k i n e t i c  c o e f f i c i e n t s .  They a r e  
f u n c t i o n s  o f  t h a  l o c a l  I n t a n s l v a  p a r a m a t a r s .
For  t h a  p u r p o s e s  o f  t h a  O nsage r  th e o re m ,  w h ich  wa a r e  a b o u t  t o  
e n u n c i a t e ,  I t  I s  c o n v e n i e n t  t o  a d o p t  a  n o t a t i o n  t h a t  e x h i b i t s  t h a  
f u n c t i o n a l  d e p en d e n c e  o f  t h e  k i n e t i c  c o e f f i c i e n t s  on an  e x t e r n a l l y  
a p p l i e d  m a g n e t i c  f i e l d  H*, I g n o r i n g  t h a  d e p en d e n c e  on t h e  o t h e r  I n t e n s i v e  
p a r a m e t e r s .
Lj k  "  (6)
The O nsage r  t h e o re m  s t a t e s  t h a t
L j k ( ^ b )  *  S i j  (” ^ i )  (7)
T h a t  I s ,  t h a  v a l u e  o f  t h a  k i n e t i c  c o e f f i c i e n t  L j^  m e asu re d  In an
e x t e r n a l  m a g n e t i c  f i e l d  He I t  I d e n t i c a l  t o  t h e  v a l u e  o f  L^j m easured  In 
t h e  r e v e r t e d  m a g n e t i c  f i e l d  -He* The Onsager  theorem  s t a t e s  e symmetry 
be tween  t h e  l i n e a r  e f f e c t  o f  t h e  j **1 a f f i n i t y  on t h e  k ^  f l u x  and t h e  
l i n e a r  e f f e c t  o f  t h e  a f f i n i t y  on t h e  f l u x ,  when t h e s e  e f f e c t s  
a r e  m easu red  In o p p o s i t e  m a g n e t i c  f i e l d s .
A p r o c e s s  t h a t  c an  be a d e q u a t e l y  d e s c r i b e d  by t h e  t r u n c a t e d  
a p p r o x i m a t e  e q u a t i o n s
J k -  f  L jk Fk (8 )
I s  c a l l e d  a  11 n e a r  M arkoff  p r o c e s s .  The a f f i n i t i e s  t h a t  we commonly 
e n c o u n t e r  In t h e  l a b o r a t o r y  a r e  q u i t e  sm a l l  In  t h e  s e n s e  o f  e q u a t i o n  (5 ) ,  
s o  t h a t  a l l  q u a d r a t i c  and  h i g h e r - o r d e r  te rm s  In t h i s  e q u a t i o n  can be 
n e g l e c t e d .
For t h e  a n a l y s i s  o f  s u c h  p r o e e s s e s  t h e  Onsager  theorem Is  a 
p a r t i c u l a r l y  p ow erfu l  t o o l ,  b u t  I s  n o t  r e s t r i c t e d  t o  t h i s  s p e c i a l  c l a s s  
o f  s y s t e m s .
2. The Dynamical E q u a t io n s
C o n s id e r  u ,  s ,  and  J n a s  t h e  c u r r e n t  d e n s i t i e s  o f  e n e r g y ,  e n t r o p y  
and number o f  e l e c t r o n s ,  r e s p e c t i v e l y .
I f  t h e  components  o f  u and J n a r e  t a k e n  a s  f l u x e s ,  t h e  a s s o c i a t e d  
a f f  Ini  t i e s  a r e  t h e  components  o f  ^ 7 ( y )  * n<J where T i s  th e
a b s o l u t e  t e m p e r a t u r e  and  u t h e  e l e c t r o r c h a m l c a l  p o t e n t i a l  p e r  e l e c t r o n .
I f  i n s t e a d  we c hoose  a s  f l u x e s  t h e  components  o f  w* and  J n , where
** -  Ts •  u -  p J n ,  (9)
*
I s  t h e  h e a t  c u r r e n t ,  t h e  a s s o c i a t e d  a f f i n i t i e s  a r e  t h e  components  o f
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In t h e  c a i a  o f  t h e  e x p e r i m e n t  t h e  two I n d e p e n d e n t  q u a n t i t i e s  on 
w h ic h  one had d i r e c t  c o n t r o l  w e re  t h e  e l e c t r i c  c u r r e n t  d e n s i t y
end  t h e  a b s o l u t e  h e a t  c u r r e n t  d e n s i t y  w. The q u a n t i t y  a  I s  a  n e g a t i v e  
number.
We have  h e r e  t o  comment b r i e f l y  on t h e  n a t u r e  o f  t h e  e l e c t r o c h e m i c a l  
p o t e n t i a l  o f  t h e  e l e c t r o n s .  We c a n  c o n s i d e r  p  a s  composed o f  two p a r t s ,  
a  c h em ica l  p o r t i o n  p c  and  a n  e l e c t r i c a l  p o r t i o n  p e ,
I f  t h e  c h a r g e  on an  e l e c t r o n  Is  e  ( n e g a t i v e  n u m b e r ) ,  t h e n  p «  i s  s im p ly  
e* where  a I s  t h e  o r d i n a r y  e l e c t r o s t a t i c  p o t e n t i a l .  The c h em ica l  
p o t e n t i a l  p c  I s  a  f u n c t i o n  o f  t h e  t e m p e r a t u r e  and  o f  t h e  e l e c t r o n  
c o n c e n t r a t l  on .
R e s t a t i n g  t h e s e  f a c t s  In  t e r m s  o f  g r a d i e n t s ,  t h e  e l e c t r o c h e m i c a l  
p o t e n t i a l  p e r  u n i t  c h a r g e  I s  ~ ( j ) p ,  I t s  g r a d i e n t  - ( ^ ) ^ p  I s  t h e  sum o f  
t h e  e l e c t r i c  f i e l d  - ( ; y ) ^ ^ p *  p l u s  an e f f e c t i v e  d r i v i n g  f o r c e  " ( ; ) T 7 p c  
a r i s i n g  from a c o n c e n t r a t i o n  g r a d i e n t .  T h u s , '
and I t  I s  I m p o r t a n t  t o  n o t e  t h a t  t h e  e l e c t r o s t a t i c  p o t e n t i a l  E I s  th e  
one  t h a t  I s  d i r e c t l y  m e a s u r a b l e .  We w l 1 1 r e t u r n  t o  t h i s  I m p o r t a n t  
d i s t i n c t i o n  In C h a p t e r  I I I .
We can  now w r i t e  t h e  d y n a m ic a l  e q u a t i o n s  f o r  a 3 - d l m e n s l o n a l  
I s o t r o p i c  medium:
J (10)
p  -  p c  + pe* ( 1 1 )
( 12)
*H. B. C a l l a n ,  Phys. Rev. 8£ , 16 (1952)-
J l "  f f l l E J *  +  f f l 2 * 2 ^  +  f f l 3 c 3 *  “  € Y l ® l  "  € Y 2 G2  “  * Y 3 6 3
J 2  -  ®21E , *  +  ® ^ E 2*  +  E3 *  -  c ^ G ,  -  € ^ G 2 -
w , * -  - * y , E , *  -  * y 2e 2*  -  kY3E3*  *  * Y l G l *  * I 2 G2  +  * Y 3G3
(13)
V -  " W  - W  - < h V  * *21Gl + *22G2 + ^ 3 c3
w here  G - y T  -  T2 y ( l ) .  (IU)
Not® t h a t  a f a c t o r  <y has  baan  I n c o r p o r a  t a d  In t h a  and  X j^ ,  and  j 2 
In  t h a  * nd ^Yk* T h e se  f a c t o r s  a r e .  In  f a c t ,  p a r t  o f  t h a  a f f i n i t i e s .  
We commant b r i e f l y  on  t h a  d e f i n i t i o n  o f  h a a t  f low .
Tha h a a t  c u r r a n t  w i s  t h a  k i n e t i c  e n e r g y  c u r r a n t  d e n s i t y  o f  t h e  
e l e c t r o n s ,  and  t h e r e f o r e  e q u a l  t o  t h a  i n t e r n a l  e n e r g y  c u r r e n t  d e n s i t y  
m inus  t h e  p o t e n t i a l  e n e r g y  c u r r e n t  d e n s i t y ,
w -  u -  p « J .  ( 15)
We wi11 f r a n  now on c a l l  i t  t h e  a b s o l u t e  h e a t  c u r r e n t  d e n s i t y  In
c o n t r a d i s t i n c t i o n  t o
W* ■ U -  M-Jf ( 16 )
w h ic h ,  a f t e r  C a l l e n ,  we w l 11 c a l l  s i m p l y  t h e  h e a t  c u r r e n t  d e n s i t y .  I t
f o l l o w s  t h a t
w* -  u -  (u* + n c ) J  -  w -  ^ CJ .  ( 17 )
Our dy n am ica l  e q u a t i o n s ,  r e w r i t t e n  In t h e  c o n d e n s e d  t e n s o r  n o t a t i o n
J -  oE* -  €*'G
( 18)
w* -  -*"E*  + *"G
w i l l ,  t h e r e f o r e ,  u s i n g  t h e  e l e c t r o s t a t i c  p o t e n t i a l  E and  t h e  a b s o l u t e  
h e a t  c u r r e n t  d e n s i t y  w, be  w r i t t e n  a s :
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As w l 11 be  shown In C h a p t e r  I I I ,  t h e  e x p e r i m e n t a l  p r o c e d u r e  wes su c h  
t h e t  w* end  E* a p p e a r e d  a s  t h e  d i r e c t l y  m e a s u r a b l e  q u a n t i t i e s }  f o r  most 
o f  o u r  d e r i v a t i o n s  t h e  more e l e g a n t  s y s te m  o f  e q u a t i o n  (18) w i l l ,  
t h e r e f o r e ,  be  u s e d .
3* The R e c i p r o c a l  H a l a t i o n s
As wes shown a b o v e ,  t h e  s y s t e m  o f  e q u a t i o n s  
J -  a E* -  c"G
( 18)
w* -  -*"E*  + * 'G
p
Is  In  t h e  form s u i t a b l e  f o r  t h e  a p p l i c a t i o n  o f  O n s a g e r ' s  th e o re m ,  I . e .  
t h e  e l e m e n t s  o f  e a c h  t e n s o r  p l a y  t h e  r o l e  o f  k i n e t i c  c o e f f i c i e n t s .  The 
symmetry  p r o p e r t i e s  o f  t h e s e  t e n s o r s  combined  w i t h  O n s a g e r ' s  theorem  
w i l l  y i e l d  An I m p o r t a n t  r e l a t i o n s h i p  be tw een  t h e  a b s o l u t e  t h e r m o e l e c t r i c  
t e n s o r  c and  t h e  P e l t i e r  t e n s o r  x.
The Symmetry P r o p e r t i e s  
Whan s y w n a t r y  p r o p e r t i e s  a r e  t a k e n  I n t o  c o n s i d e r a t i o n  f u r t h e r  
r e l a t i o n s  b e tw ee n  c o e f f i c i e n t s  can  be  d e d u c e d .  We wl I I f i r s t  rem ark  
t h a t  In  o r d e r  t h a t  t h e  e q u a t i o n s  s h a l l  h o ld  I t  I s  n o t  n e c e s s a r y  t h a t  
t h e  s y s t e m  be s t r i c t l y  I s o t r o p i c ,  b u t  o n l y  t h a t  t h e r e  be I s o t r o p y  In  
t h e  1 -2  p l a n e ,  w i t h  t h e  3~ * * 1s *n t h e  d i r e c t i o n  o f  t h e  e x t e r n a l  m a g n e t i c  
f i e l d .  In t h e  c a s e  o f  s i n g l e  c r y s t a l ,  I t  I s o f  I n t e r e s t  t o  n o t e  t h a t  
p h y s i c a l  I s o t r o p y  I s  g u a r a n t e e d  by th e  O nsager  r e l a t i o n s  I f  t h e  
c r y s t a l  l o g r a p h l c  symmetry  I s  s u c h  t h a t  t h e  3 - a x i s  I s  a  3~ , 4 - ,  o r  6 - f o l d
/
^H. 1. Callan, Phys. Rev. 1349 (1948).
r o t a t i o n  a x i s ,  w i t h  t h a  c u r r a n t s  and  f o r c a s  b e i n g  c o p l a n a r  ( I n  t h e  
1 -2  p l a n e ) . 3
Me wl 1 1 r e s t r i c t  o u r s e l v e s  t o  t h i s  c a s e .  I t  c a n  be shown t h a t  In 
t h e  t e n s o r s ,  a l l  t e rm s  r e l a t e d  t o  t h e  3- a x I s  v a n i s h ,  and  t h e  p ro b le m  
re d u c e s  t o  a  2 - d i m e n s i o n a l  p r o b le m ,  a s  f l u x e s  and  a f f i n i t i e s  p a r a l l e l  
t o  t h e  m a g n e t i c  f i e l d  v a n i s h .  The t e n s o r s  w i l l ,  from h e r e  o n ,  be 2 by £ 
t e n s o r s  o f  t h e  f o n a
n j i
"  12 ,  . t c .
•S i  • »
The assumed i s o t r o p y  In  t h e  1 -2  p l a n e  g i v e s  I m m e d ia te ly  r e l a t i o n s  o f  
t h e  ty p e
c"  -  e"
"  2 2  < * »
•Ya ‘  -* 2 1
Now, c o n s i d e r i n g  t h e  t e n s o r  e l e m e n t s  In t h e i r  f u n c t i o n a l  d e p en d e n c e  
on t h e  magnet ic ,  f i e l d ,  t h e  f o l l o w i n g  can  be  s a i d :  Suppose  one r e v e r s e s
t h e  m a g n e t i c  f i e l d  and  t h e n  r o t a t e s  t h e  w ho le  c r y s t a l  a r o u n d  t h e  1-1 
d i r e c t i o n .  As f a r  a s  t h e  r e l a t i o n s h i p  b e tw ee n  t h e  medium and  t h e  
e x t e r n a l  m a g n e t i c  f i e l d  Is  c o n c e r n e d ,  t h e  p h y s i c a l  s i t u a t i o n  i s  I d e n t i c a l  
t o  t h e  o r i g i n a l  o n e .  Tak ing  a g a i n  a s  a  r e p r e s e n t a t i v e  exam ple  t h e  c a s e  
o f  t h e  e"  t e n s o r  we h a v e ,  f o r  t h e  I n i t i a l  s i t u a t i o n :
J ,  -  - e y ^ H j G ,  -  eJ1'2 ( H ) G 2 
J 2  “  (MJG, -
f o r  t h e  f i n a l  s i t u a t i o n ,  t h e  m a g n e t i c  f i e l d  and  t h e  a f f i n i t i e s  and  
f l u x e s  a l o n g  t h e  2 - 2  d i r e c t i o n  have  changed  s i g n ,  w h i l e  t h e  a f f i n i t i e s
3 L. O nsager, Phys. Rev. X L  ^ 5  0  9 3 0 * JJ8 ,  2265 ( 1 9 3 0 *
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and f l u x e s  a l o n g  t h a  1-1 have  n o t :
J 1 “  “ c'j1, (— H)G| + € ' j ' 2 ( - H ) G 2
- J 2  -  - € ^ ( - H ) G ,  + e ^ ( - H ) G 2
Tha i d e n t i f i c a t i o n  o f  t h e s e  two s y s te m s  o f  e q u a t i o n s  g i v e s :
e V . t -H )  -  cV, (H)
"  ( 2 1 ) 
-  _ e 2 l <H)
In g e n e r a l ,  t h e r e f o r e ,  a l l  o f f - d i a g o n a l  t e rm s  a r e  odd f u n c t i o n s  o f  H, 
and a l l  d i a g o n a l  t e rm s  a r e  e v e n  f u n c t i o n s  o f  H.
To a p p l y  O n s a g e r ' s  th eo rem  c o n s i d e r  a g a i n  t h e  e q u a t i o n s  In t h e i r  
d e v e lo p e d  2 - d i m e n s i o n a l  form:
J 1 "  ° 1 I E 1* + **12* 2* " €YlGl "
J 2  “  <?o| ^ ” *2 l G1 ~ ^2^*2
( 22)
- i *  -  - " Y i V  -  " Y 2 E 2 *  +  x Y i g i +  XY ? G:>
m “ fl2 l ^1* ~ + Ap | G | + ^22^*2
I t  Is  w o r t h w h i l e  s t a t i n g  f u l l y  now, th e  theorem  In  t h i s  s p e c i a l
c a s e :
C o n s i d e r  t h e  l i n e a r  e f f e c t  o f  t h e  f i r s t  th e rm a l  a f f i n i t y  G | / T ^  
on t h e  f i r s t  e l e c t r i c a l  f l u x  J j .  T h i s  w i l l  be e q u a l  t o  t h e  e f f e c t  o f  
t h e  f i r s t  e l e c t r i c a l  a f f i n i t y  E | * / T  on t h e  f i r s t  th e rm a l  f l u x  
m easu red  In t h e  r e v e r s e d  m a g n e t i c  f i e l d .  Thus ,
TeY, (H) -  n y ^ - H )  
b u t  rt'j'j i s  an  ev en  f u n c t i o n  o f  t h e  f i e l d :  •  rt'y | ( H), Hence,
Te*j j (H) ■* « y , (H) (23)
S i m i l a r l y  c o n s i d e r  t h e  l i n e a r  e f f e c t  o f  t h e  2^ t h e r m a l  a f f i n i t y  
Gp/T2  on t h e  f i r s t  e l e c t r i c a l  f l u x  J | .  T h i s  w i l l  be e q u a l  t o  th e
l i n e a r  e f f e c t  o f  t h e  f i r s t  e l e c t r i c a l  a f f i n i t y  E2'; /T  on t h e  2^ th e rm a l  
f l u x  W g m e a s u r e d  In t h e  r e v e r s e d  m a g n e t i c  f i e l d .  Thus,
T€y2 (H) -  *2 , ( ” H) 
b u t  n'pi Is  an  odd f u n c t i o n  o f  t h e  m a g n e t i c  f i e l d :
(-H) -  (H)
and  from symmetry  c o n s i d e r a t i o n ,
Tt1̂ ,  (H) -  - n y 2 (H) (£*♦)
h e n c e ,
Tey2 (H) -  ny 2 (H) (& )
o r  In t e n s o r  n o t a t i o n :
if" -  T c" . ( 26)
In resume:
The p ro b le m  I s  2 - d l m e n s I o n a 1.
Each t e n s o r  Is  a  l i n e a r  c o m b i n a t i o n  o f  t h e  u n i t  m a t r i x  w i t h  an
a n t i s y m m e t r i c  m a t r i x .
The O nsager  r e l a t i o n  a p p l y  u n d e r  form:
it" -  Tc"
The 2 x 2  m a t r i c e s  we have  d e f i n e d  have t h e  p r o p e r t i e s :
a l l  *  a j j
a l j  "  *a j l *  J * *•
In p r e c i s e  t e r m s ,  th e y  a r e  a l i n e a r  c o m b i n a t i o n  o f  an a n t i s y m m e t r i c
m a t r i x  w i t h  t h e  u n i t  m a t r i x .  We w i l l ,  f o r  b r e v i t y ,  c a l l  them
" 2  x  2 a n t i s y m m e t r i c . "  One p r o v e s  e a s i l y  t h e  f o l l o w i n g  p r o p e r t i e s  o f
t h e s e  m a t r i c e s :
1. T h e i r  sum and p r o d u c t  a r e " 2  x  2 a n t i s y m m e t r i c . "
2 .  T h e i r  r e c i p r o c a l  and t h e  r a t i o  o f  two s u ch  m a t r i c e s  a r e  a l s o  
" 2  x  2  a n t i s y m m e t r i c . "
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4 .  The T hree  D i f f e r e n t  T e n t o r i a l  R e p r e s e n t a t i o n s  
The s y s t e m  o f  e q u a t i o n s  we have  u sed
j m aE* " c* 'G
( 1 8 )
w* -  - i t fe*  +  A"G
I m p l i e s  t h e  c o n s i d e r a t i o n  o f  G «  -  V  T •  nd E* -  "  In d e p e n d e n t
v a r i a b l e s .  T h i s  a g r e e s  w i t h  t h e  t h e o r e t l c t a n 1s a p p r o a c h ,  who, In 
g e n e r a ] ,  c o n s i d e r s  t h e  e l e c t r i c  f i e l d  and  t h e  g r a d i e n t  o f  t e m p e r a t u r e  
a s  g i v e n  and  c a l c u l a t e s  t h e  c u r r e n t s .  F u r t h e r m o r e ,  one s e e s  t h a t  t h e  
t h e r m o e l e c t r i c  t e n s o r  e"  and  P e l t i e r  t e n s o r  n" a r e ,  In a n a l o g y  w i t h  th e  
c o n d u c t i v i t i e s ,  d i r e c t l y  d e p e n d e n t  on t h e  number o f  c a r r i e r s .
T u r n in g  t o  t h e  p o i n t  o f  v iew  o f  t h e  e x p e r i m e n t a l i s t  who p r e f e r s  t o  
s p e a k  In t e rm s  o f  r e s i s t i v i t i e s ,  two a p p r o a c h e s  can  be t a k e n .
In t h e  f i r s t  o n e , ^ * ^  t h e  e l e c t r i c  c u r r e n t  and  t h e  g r a d i e n t  o f  
t e m p e r a t u r e  a r e  t h e  I n d e p e n d e n t  v a r i a b l e s ,  a n d  one  w r i t e s :
E* ■ p j  + cG
( 26)
w^ ™ ~ rt J  + AG
T h i s  f o r m u l a t i o n  h a s  an  I m p o r t a n t  a d v a n t a g e  In  t h e  s t u d y  o f  th e  
t h e r m o e l e c t r i c  e f f e c t  and  t h e  P e l t i e r  e f f e c t .  In b o t h  t h e s e  c a s e s ,  
one  has  t o  c o n s i d e r  t h e  j u n c t i o n  o f  two d i f f e r e n t  m a t e r i a l s  and  t h e  
f a c t  t h a t  a t  a n  I s o t h e r m a l  j u n c t i o n ,  b o t h  t h e  e l e c t r i c  c u r r e n t  I and  
t h e  e l e c t r o c h e m i c a l  p o t e n t i a l  u a r e  c o n t i n u o u s .  I t  f o l l o w s  t h a t  t h e  
t e rm s  c o r r e s p o n d i n g  t o  e a c h  s i d e  o f  t h e  j u n c t i o n  w i l l  a p p e a r  a s
4̂
J .  P. J a n ,  In  Sol Id S t a t e  P h v s l c s .  VoJ. 5* F. S e i t z  and  D.
T u r n b u l l ,  e d i t o r s ,  Academic  P r e s s ,  I n c . ,  New York, 1957.
See a l s o  P. Hazur and  I .  P r l g o g l n e ,  J .  Phys .  Radium 12. 6 l 6  (1 9 5 1 ) .
' 3
r e l a t e d  s i m p l y  by t h e i r  d i f f e r e n c e .  T h i s  w i l l  be shown In d e t a i l  In
C h a p t e r  l i t  ( E x p e r im e n t a l  P r o c e d u r e ) .
The s eco n d  a p p r o a c h  c o r r e s p o n d s  t o  t h e  e x p e r i m e n t a l  s i t u a t i o n
where  one  had d i r e c t  c o n t r o l  on t h e  e l e c t r i c  c u r r e n t  and  th e  h e a t
c u r r e n t .  T h i s  w i l l  c o r r e s p o n d  t o  t h e  sy s te m  o f  e q u a t i o n s :
E* ■ p 1 J  + € 1 w*
, (27)
G -  n ' J  + X w*
The In d e p e n d e n t  v a r i a b l e  b e i n g  t h e  c u r r e n t s ,  and  t h e  m e asu re d  q u a n t i t i e s  
b e i n g  t h e  e l e c t r o s t a t i c  f i e l d  and  t h e  g r a d i e n t  o f  t e m p e r a t u r e .
5* R e l a t i o n s  Between t h e  D i f f e r e n t  T e n s o r s
The r e l a t i o n s  e x i s t i n g  be tw een  t h e  t h r e e  t h e r m o e l e c t r i c  t e n s o r s  and 
t h e  t h r e e  PeI t i e r  t e n s o r s  can  be  found a s  f o l l o w s .  Suppose J ■ Gj th e n  
from (26) E* ■ eG o b t a i n s ,  and  from (18) E* ■ e1,a ” 'G o b t a i n s ,  h e n c e ,
c" -  o c .  S i m i l a r l y  t a k i n g  G -  G,
( 26 )
«" a  art
o b t a i n s .  By t h e  same mechanism,  e '  *■ X” * c
. (29)
from ( 2 6 ) and  ( 2 7 ) ,  « '  -  X- 1 *
and  c o n s e q u e n t l y ,  c" ■ aXe*
(30)
it" -  oXn*
A l so  r e l a t i o n s  wi l l  e x i s t  be tween  p ,  a ,  X and o t h e r  t e n s o r i e l  q u a n t i t y  
wi t h  J « 0 In ( 2 6 ) and (2 7 ) ,  ^  -  X” *
w i t h  G ■ 0 In (18) and  (2 6 ) ,  p ■ — ■ a~ *
0
wl t h  w* •  0 In  (18) and  (27) r i t "p'  ■ n 'X"  
wl t h  w* ■ 0 In  (2 6 ) and  ( 2 7 ) ,  p 1 ■ p + cnX" '
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A ll  t h e s e  r e l a t i o n s  combined  w i t h  t h e  p r o p e r t i e s  o f  " a n t i s y m m e t r i c 11 
t e n s o r s  y i e l d :
1. Any o f  t h e  t e n s o r s  used  In ( I d ) ,  ( 2 6 ) ,  and  (2 j)  a r e  
" a n t i s y m m e t r l c a 1. "
2.  T ha t  t h e  O nsage r  r e l a t i o n
Te" -  rf"
e x t e n d  s im p ly  t h r o u g h  (2 6 ) t o  Tc -  n (3 1)
and  t h r o u g h  (29) t o  Tc* -  n"
6 . The G e n e r a l i z e d  W iedemann-Franz  Law
We have  s e e n  t h a t  t h e  O nsage r  Theorem p r o v i d e s  a  g e n e r a l  r e l a t i o n  
be tw een  th e  a b s o l u t e  t h e r m o e l e c t r i c  power t e n s o r  and  t h e  P e l t i e r  t e n s o r .  
I t  d o e s n ' t  p r o v i d e  any  r e l a t i o n  b e tw een  th e  th e rm a l  and  e l e c t r i c a l  
c o n d u c t i v i t y  t e n s o r s .  But t h e  W iedemann-Franz  law I s  known t o  r e l a t e  
th e rm a l  and  e l e c t r i c a l  c o n d u c t i v i t i e s :
£  -  LT (32)
and  from f r e e  e l e c t r o n  t h e o r y ,  L s h o u l d  be  a u n i v e r s a l  c o n s t a n t
Ln -  -  2 . 4 5  x 10"8 ( J g ^ ) 2  (33)
K o h le r^  ha s  shown t h a t  t h e  law s h o u l d  a p p l y  t o  a s i n g l e  c r y s t a l ,  f o r  
a r b i t r a r y  o r i e n t a t i o n  and  m a g n i tu d e  o f  t h e  m a g n e t i c  f i e l d ,  p r o v i d e d  th e  
c o n d u c t i o n  e l e c t r o n s  a r e  s c a t t e r e d  w i t h o u t  ch an g e  o f  e n e r g y .  The law 
s h o u l d  be v a l i d  f o r  a l l  com ponen ts  o f  t h e  c o n d u c t i v i t y  t e n s o r s :
* I k < B> "  LnT° l k ( B> (34)
^M. Kohler, Ann. Physlk 40 , 6 0 1 (1941).
t
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T h i s  r e l a t i o n s h i p  i m p l i e s  t h e  e q u a l i t y  o f  t h e  Hall  and  R i g h t - L e d u c  
a n g l e s ,  a s  t h e  f o l l o w i n g  shows:
We de f  1 ne
t ♦ -  ^  (35 )
9 PI 1
and
v  - •
The g e n e r a l i z e d  law o f  W iedemann-Franz
Xl k ( B) *11  *21L I *  —■ 7 .-t  m ' 1 1 m ---
n a l l  C21
(36)




°21  ---------^ — 2  '  X2 I "  ” 7 k --------- TV2 (39)P | 1  + 9 2 1  ' 1 1  ♦(X2 , - l ) 2
(37)
(38)
P 1 1 Xn
<*, , -  --------------------  -  <* . X, , ■ + 11
"  o n ^ P s i 2  221 "  0 > i r ' ) 8 * t > e , - ' ) *  22
- 5 2 1 .  £ 2 1  „ d .  i a . i a i * '  („ G)
11 p 11 *11  X11” 1
shows t h a t  (3 8 ) and  (3 7 ) a r e  e q u i v a l e n t  t o
V  -  v '  (l+1)
I t  I s  known t h a t  d e p a r t u r e s  from t h e  W iedemann-Franz  law o c c u r  
b o t h  a t  i n t e r m e d i a t e  t e m p e r a t u r e s  and w h e n ev e r  t h e  l a t t i c e  th e rm a l  
c o n d u c t i v i t y  c a n n o t  be n e g l e c t e d .
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The e x p e r i m e n t a l  d e t e r m i n a t i o n  o f  p £ | ;  P j |  In t h e  g a l v a n o m a g n e t l c  
c a s e , *  and  o f  ^ 2 l ~ ' »  ^ l l ~ *  ' n t *'e  t ^ ^ o m a g n e t I c  c a s e ,  w i l l  a l l o w  u s ,  
t h e r e f o r e ,  t o  s e p a r a t e  e l e c t r o n  c o n d u c t i v i t y  from l a t t i c e  c o n d u c t i v i t y  
and  c o n s e q u e n t l y  t o  c h ec k  w h e t h e r  t h e  W led em a n n -F ra n z  law h o l d s  In  th e  
q u a n t i z e d  s i t u a t i o n  o f  de H aas -v an  A l p h e n - t y p e  o s c i l l a t o r y  phenomena.
I f  t h e  W1 e d em a n n -F ra n z  law h o l d s ,  t h e  r e l a t i v e  c h an g e  In th e rm a l  
c o n d u c t i v i t y  Is  e q u a l  t o  t h e  r e l a t i v e  ch an g e  In e l e c t r i c a l  c o n d u c t i v i t y .  
T h i s ,  a s  w e l l  a s  t h e  d e p en d e n c e  o f  t h e  Lorenz  number upon m a g n e t i c  
f i e l d  p r e d i c t e d  by t h e  Sondhelmer-WII  son  t h e o r y ,  w i l l  be s t u d i e d  t h r o u g h  
o u r  e x p e r i m e n t a l  r e s u l t s .
*
These  g a l v a n o m a g n e t l c  q u a n t i t i e s  h ave  been  I n i t i a l l y  m easu red  
by Or. C. G. B e r g e r o n  and  d e s c r i b e d  In  h i s  d i s s e r t a t i o n .  We made a new 
s e r i e s  o f  m e asu re m e n ts  o f  t h e s e  q u a n t i t i e s  and  found t h a t  t h e y  a g r e e d  
v e r y  w e l l  w i t h  t h e  p e r i o d  o f  o s c i l l a t i o n s .
CHAPTER I I 
EXPERIMENTAL APPARATUS
I • B a s i c  Mea s u r l n o  C i r c u i t .  M agne t .  and  He 11 urn Vacuum System
The c i r c u i t  u sed  f o r  t h a  m easu rem en t  o f  t h e  o s c i l l a t o r y  p o t e n t i a l s  
c o n s i s t e d  o f  t h e  fo ll<x*Ing u n i t s :  a Rubicon  M i c r o v o l t  P o t e n t i o m e t e r
(R ub icon  Company, P h i l a d e l p h i a ,  P e n n . ) ;  •  L i s t o n  Backer  dc b r e a k e r  
a m p l i f i e r  ( L i s t o n  Backer  I n s t r u m e n t  Co*, I n c . ,  S t a m f o r d ,  C onn . )  and  a
Brown r e c o r d e r  ( M i n n e a p o l i s  Honeywell  C o . ,  M i n n e a p o l i s ,  M i n n . ) .  These
7 8u n i t s  have  bean  a l r e a d y  d e s c r i b e d  by S. A. A l l '  and  C. G. B e r g e r o n .
We w l 1 I comment o n l y  on th a  f e a t u r e s  t h a t  ware  s p e c i f i c a l l y  i m p o r t a n t
In o u r  e x p e r i m e n t s .
The R ubicon  M i c r o v o l t  P o t e n t i o m e t e r  I s  e s p e c i a l l y  d e v i s e d  t o
m in im i z e  any  g r a d i e n t  o f  t e m p e r a t u r e  a c r o s s  I t s  I n p u t s ,  I t s  b e i n g
e n c a s e d  In a  heavy  a luminum c a s i n g .  T h i s  I s o t h e r m a l  p r o p e r t y  p l a y s  an
I m p o r t a n t  r o l e  In t h e  I n t e r p r e t a t i o n  o f  t h e  r e s u l t s  c o n c e r n i n g  t h e
t h e r m o e l e c t r i c  power m e asu re m e n t ,  a s  w i l l  be s e e n  f u r t h e r  be low.  The
p o t e n t i o m e t e r  was u s e d  a l s o  *s a  b i a s  v o l t a g e  s o u r c e  In  p e r f o r m i n g  t h e
p o t e n t i a l  m e a s u r e m e n t s .
7S. A. A l l ,  D i s s e r t a t i o n ,  L o u i s i a n a  S t a t e  U n i v e r s i t y ,  1958. 
o
°C. G. B e r g e r o n ,  D i s s e r t a t i o n ,  L o u i s i a n a  S t a t e  U n i v e r s i t y ,  1555.
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Id
The e l e c t r o m a g n e t  u sed  was an i r o n  c o r e  Weiss  magnet  w i t h  8 - i n c h
p o l e  p i e c e s  s e p a r a t e d  by a I 5 / 8  Inch  a l r g a p .  I t  c o u l d  be  r o t a t e d
*
3 6 0 °  a b o u t  a v e r t i c a l  a x i s  and  p o s i t i o n e d  w i t h i n  o n e - f o u r t h  o f  a d e g r e e .  
The magnet  was c a l i b r a t e d  by a n u c l e a r  r e s o n a n c e  f l u x  m e t e r .  F ig .  1 
r e p r e s e n t s  t h e  m a g n e t i c  f i e l d  s t r e n g t h  v e r s u s  c u r r e n t .  I t  can  be s een  
t h a t  l i n e a r i t y  In  f u n c t i o n  o f  t h e  c u r r e n t  I s  good up t o  33  a m p e r e s ,  
w i t h  a s l o p e  o f  1 / 2 . 9 7  k l l o g a u s s  p e r  am p ere .  The magnet  c o n t r o l  c i r c u i t  
ha s  been  d e s c r i b e d  by A l l ^  and  a s c h e m a t i c  I s  g iv e n  by him. The e x c l t o r  
c o l l  o f  t h e  dc g e n e r a t o r  In s e r i e s  w i t h  a s e t  o f  12 p a r a l l e l  6 AS7 ' s .
The e x c l t o r  c u r r e n t  t h r o u g h  t h i s  c i r c u i t  I s  c o n t r o l l e d  by an  a m p l i f i e d  
" d i f f e r e n c e "  v o l t a g e ,  a p p e a r i n g  a c r o s s  a v a r i a b l e  h e l l p o t  and  t h e  
m agnet  c o l l s .  When t h i s  " d i f f e r e n c e "  v o l t a g e  I s  n o t  z e r o ,  t h e  c u r r e n t  
t h r o u g h  t h e  e x c l t o r  c o i l — 6 AS7 c i r c u i t  a d j u s t s  i t s e l f  In a d i r e c t i o n  
t o  make t h e  " d i f f e r e n c e "  v o l t a g e  a p p r o a c h  z e r o .  A c o n t i n u o u s  f i e l d  
sweep was a c h i e v e d  by d r i v i n g  t h e  h e l l p o t  w i t h  a sm a l l  c l o c k  m o to r .  The 
'm a g n e t  c u r r e n t  was m o n i t o r e d  w i t h  a Rhodes v o l t m e t e r - p o t e n t I o m e t e r  
( S e n s i t i v e  R e s e a r c h  I n s t r u m e n t  C o r p . ,  New Y ork ) .  I t  m easu red  t h e  
v o l t a g e  a c r o s s  a s t a n d a r d  r e s i s t a n c e  (0 .01  ohm) which  was In s e r i e s  
wi t h  t h e  m agne t .
To a c h i e v e  a  l i q u i d  h e l iu m  b a t h  t e m p e r a t u r e  be low  ^ .2 ° K ,  t h e  v a p o r  
p r e s s u r e  o f  t h e  b a t h  was lowered  by means o f  Kinney h ig h  c a p a c  i t y  
vacuum pump (K inney  K a n u f a c t u r l n g  D i v i s i o n ,  t h e  New York A i r  Brake  C o . ,






s lo p e  " g  9 7  KG/omp
0 60 8010 50 70 9020 30 40
I (amp)
Fig.  1. Magnet C a l i b r a t i o n  Curve.
20
B o s to n ,  H a s s . ) .  The whole  pumping s e t  up d e s c r i b e d  a l r e a d y  by 
10B e r g e r o n ,  I s  shown In d e t a i l  In  F ig .  2.
1” 1• The C r y s t a l
The sam ple  was c h e m i c a l l y  c u t  from a s i n g l e  c r y s t a l  of  z i n c  grown 
by a m o d i f i e d  Bridgman method .  The sam p le  d im e n s io n s  were  2 6 .5 8  x 
8 .1  x O .3I+5 mm. I t  was c u t  from t h e  m o th e r  c r y s t a l  in  su ch  a manner  
t h a t ,  when p l a c e d  v e r t i c a l l y  In t h e  c r y o s t a t  ( I . e .  t h e  long  l e n g t h  o f  
t h e  c r y s t a l  b e i n g  v e r t i c a l )  I t s  h e x ag o n a l  a x i s  l a y  In t h e  h o r i z o n t a l  
p l a n e  making an  a n g l e  o f  4 4 °  w i t h  t h e  normal t o  t h e  l a r g e  f a c e  o f  t h e  
c r y s t a l .  I t s  o r i e n t a t i o n  was c a r e f u l l y  d e t e r m i n e d  by an X - ra y  
d l f f r a c t l o n  s t u d y .
11 w tI  I be n o t e d  h e r e  t h a t  t h e  o r i e n t a t i o n  o f  t h e  h e x ag o n a l  a x i s  
o f  t h e  z i n c  c r y s t a l  was n o t  p e r p e n d i c u l a r  t o  t h e  p l a n e  o f  t h e  s am p le .  
T h i s  d i f f e r e n c e  w i t h  t h e  I d e a l  c a s e  o f  I s o t r o p y  In t h e  1 -2  p l a n e ,  
assumed In t h e  I n t r o d u c t i o n  does  n o t ,  how ever ,  e n t a i l  t r o u b l e s o m e  
c o n s e q u e n c e s .  The h e x ag o n a l  a x i s  was p e r p e n d i c u l a r  t o  e i t h e r  the  h e a t  
c u r r e n t  o r  e l e c t r i c  c u r r e n t  d i r e c t i o n .  But I t  was a t  a n g l e  o f  6 -  4 4 °  
w i t h  t h e  d i r e c t i o n  o f  t h e  t r a n s v e r s e  p r o b e s .
I f  d I s  t h e  v e c t o r  d i s t a n c e  be tw een  th e  p r o b e s ,  t h e  m easu red  
t e m p e r a t u r e  d i f f e r e n c e  Is  g i v e n  by
T ■ -  G • d ■ -Wj(Xj j l dj + > , | " 2d2  ♦ ] ^d^)
w i t h  J |  ■ J g  -  -  0 and  w^ -  w^ -  0 ( a d i a b a t i c  c o n d i t i o n )  and  where
d ] ,  d 2 , d^ a r e  t h e  com ponen ts  o f  t h e  p r o b e  d i s t a n c e  a l o n g  t h e  c u r r e n t
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F ig .  2. Helium Dewar and Pumping System.
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W|, (OXj) m u t u a l l y  p e r p e n d l c u l a r  t o  t h e  c u r r a n t  and  t h e  f i e l d  (Oxg),  
and  p a r a l l e l  t o  t h e  f i e l d  (Ox^) r e s p e c t i v e l y .  In t h e  R lg h l - L e d u c  
m easu re m e n ts  t h e  m i s a l i g n m e n t  o f  t h e  p r o b e s ,  d ] ,  I n t r o d u c e s  a  th e rm a l  
m a g n e t o r e s I  s t a n c e  e f f e c t .  The e f f e c t i v e  p r o b e  s e p a r a t i o n  f o r  t h e  
R lg h l - L e d u c  e f f e c t  I s  dg  and  d j  I s  t h e  p r o b e s  s e p a r a t i o n  a l o n g  t h e  
m a g n e t i c  f i e l d  d i r e c t i o n .  In  t h i s  c a s e  w here  t h e  h e x ag o n a l  a x i s  I s  
p a r a l l e l  t o  t h e  f i e l d ,  b u t  makes  an  a n g l e  6 w i t h  t h e  norma 1 t o  t h e  l a r g e  
f a c e  o f  t h e  c r y s t a l :
c u l a r  t o  I t .  T h i s  i s  t h e  e x p e r i m e n t a l  s i t u a t i o n .
In c a s e  o f  m i s a l i g n m e n t  o f  t h e  f i e l d  w i t h  t h e  h e x ag o n a l  a x i s
dg  -  d co s  0 ,  d j  ■ d s i n  0
0 when H I s  t h e  h e x ag o n a l  d i r e c t i o n  and  t h e  c u r r e n t  I s  p e r p e n d l -
i . e .  *s  *ven f u n c t i o n  o f  t h e  f i e l d .  T h e r e f o r e ,  th e  e x p e r i m e n t a l
p r o c e d u r e  g i v e s :
AT(H) -  AT(-H) -  2
and
M easu ram en ts  w ere  made f o r  b o t h  H and  -H and  mss deduced  from th e
above  e q u a t i o n .
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2. Jhg_  Carbon R e s i s t a n c e  Therm om ete rs  and  T h e i r  C a l i b r a t i o n  Curves
Tha m e asu re m e n ts  o f  t h a  R lg h l - L e d u c  and  th e rm a l  m a g n e t o r e s  1s t a n c e  
e f f e c t s ,  and  o f  t h e  P e l t i e r  and  E t t l n g s h a u s e n  e f f e c t s  were  p r i m a r i l y  
a m easu rem en t  o f  sm a l l  t e m p e r a t u r e  d i f f e r e n c e s .
The u se  o f  com m erc ia l  r a d i o - t y p e  r e s i s t o r s  m a n u f a c t u r e d  by th e  
A 1 l a n - B r a d l e y  Company a s  th e r m o m e te r s  I s  w e l l -k n o w n  s i n c e  t h e  o r i g i n a l  
work o f  C lement  and  Q u l n n e l l . ^  These  r e s i s t o r s  e x h i b i t  a  r e s i s t a n c e  
w h ich  v a r i e s  r a p i d l y  w i t h  t e m p e r a t u r e ,  p a r t i c u l a r l y  In t h e  l i q u i d  
h e l iu m  ra n g e .  Four u s e f u l  f e a t u r e s  o f  t h e s e  c a r b o n  r e s i s t o r s  a r e  t h e i r  
c o m p a r a t i v e  I n s e n s i t i v i t y  t o  m a g n e t i c  f i e l d s  and  a l m o s t  c o m p le t e  
I n s e n s i t i v i t y  t o  t h e  v a l u e  o f  t h e  m e a s u r i n g  c u r r e n t ,  a p a r t  from 
c o n s i d e r a t i o n s  o f  s e l f - h e a t i n g  a s  w e l l  a s  t h e i r  h i g h  s e n s i t i v i t y  a t  
s u f f i c i e n t l y  low t e m p e r a t u r e  and  t h e i r  sm a l l  h e a t  c a p a c  I t y .
A g roup  o f  2b A 1 l e n - 8 r a d l e y  r e s i s t o r s  was u s e d ,  nominal v a l u e  
50 ohm a t  room t e m p e r a t u r e ,  s i z e  1 /10  w a t t .  A s p e c i a l  run  a t  l i q u i d  
h e l i u m  t e m p e r a t u r e s  was made In  o r d e r  t o  s e l e c t  two p a i r s  o f  "m a tch e d "  
r e s i s t o r s ,  I . e .  w i t h  s u i t a b l y  I d e n t i c a l  R -  f (T )  c h a r a c t e r i s t i c s .  All  
2b r e s i s t o r s  were  c o n n e c t e d  In s e r i e s  t o  a 6 - v o l t  b a t t e r y  t h r o u g h  a 
com m erc ia l  1 Mohm r e s i s t a n c e .  T h i s  p r o v i d e d  a s t a b l e  c u r r e n t  o f  5 . b 
m i c r o a m p e r e s .  A c ro ss  e a c h  r e s i s t o r  a p a i r  o f  c o p p e r  l e a d s  was s o l d e r e d  
t h u s  a l l o w i n g  th e  m easu rem en t  and c o m p a r i so n  o f  t h e i r  i n d i v i d u a l  RI 
d r o p .  A s i n g l e  m e a s u r i n g  c i r c u i t  composed o f  a Rhodes P o t e n t ! o m e t e r -  
v o l t m e t e r  In s e r i e s  w i t h  a t o r s i o n  g a l v a n o m e t e r  (u sed  t o  su p p le m e n t  t h e
' ' j .  R. C lem ent  and  E. H. Q u l n n e l l ,  Rev. S c l .  I n s t r .  23.  213 (1 9 ^ 2 ) .
s e n s i t i v i t y  o f  t h e  p o t e n t i o m e t e r  b u i l t - i n  g e I v a n o m e t e r )  was u s e d .  A 
f i r s t  s e l e c t i o n  o f  s i x  s u i t a b l e  p a i r s  was made a t  k.2°K  on t h e  b a s i s  o f  
t h e  I n d i v i d u a l  r e s i s t a n c e  a t  t h a t  t e m p e r a t u r e *  Then t h r e e  o t h e r  
t e m p e r a t u r e  p o i n t s  w ere  c o v e r e d  namely  3 *25°K, <?• IO°K, and  l . 2 6 ° K .  At 
e a c h  o f  t h e s e  t e m p e r a t u r e s ,  t h e  t o r s i o n  g a l v a n o m e t e r  was s h o r t e d  o u t  
and  t h e  p o t e n t i o m e t e r  was b a l a n c e d  f o r  t h e  two r e s i s t o r s  o f  a p a i r .
T h e i r  r e s i s t a n c e  was c l o s e  enough  s o  t h a t  t h e  p o t e n t i o m e t e r  r e a d i n g  was 
I d e n t i c a l .  Then t h e  g a l v a n o m e t e r  would be I n t r o d u c e d  In  t h e  c i r c u i t  
and  I t s  d e v i a t i o n  f o r  e a c h  member o f  a  p a i r ,  n o t e d .  In t h e  f i n a l  
a n a l y s t s  o f  t h e  r e s u l t s ,  t h e  two p a i r s  t h a t  had c o n s i s t e n t l y  shown 
e q u a l  r e s i s t a n c e s  f o r  t h e  d i f f e r e n t  t e m p e r a t u r e s  were  s e l e c t e d .  I t  can 
be added  t h a t  In  s p i t e  o f  s e v e r a l  c y c l i n g s  b e tw een  room t e m p e r a t u r e  and 
l i q u i d  h e l iu m  t e m p e r a t u r e ,  t h e  p a i r s  s e l e c t e d  have  c o n s i s t e n t l y  shown 
c l o s e l y  i d e n t i c a l  c h a r a c t e r i s t i c  c u r v e s .  (See F ig .  3 ) .
3* M ount ing  o f  t h e  Therm om ete rs
The n e x t  p ro b lem  was t o  I n s u r e  good th e rm a l  c o n t a c t  be tw een  
th e r m o m e te r s  and c r y s t a l  w h i l e  k e e p i n g  a v e r y  h i g h  e l e c t r i c  I n s u l a t i o n  
between them.
T h i s  was a c c o m p l i s h e d  In t h e  f o l l o w i n g  way: A c y l i n d r i c a l  s l e e v e
o f  e l e c t r o l y t i c  c o p p e r  was m ach ined  f o r  e a c h  c a r b o n  r e s i s t o r  w i t h  an 
l . d .  o n l y  s l i g h t l y  l a r g e r  th a n  t h e  d i a m e t e r  o f  t h e  r e s i s t o r  I t s e l f ,
i . e .  a  d i f f e r e n c e  o f  a b o u t  6  m i l s .  To e a c h  s l e e v e ,  a  th e rm a l  l e a d  
made o f  c o p p e r  w i r e  No. &6 was s o l d e r e d ,  a l l  a l o n g  t h e  c y l i n d e r .
F i n a l l y ,  e l e c t r i c  I n s u l a t i o n  was I n s u r e d  by c o a t i n g  e a c h  r e s i s t o r  I n t o  
a l i q u i d  p l a s t i c  I n s u l a t i n g  compoung ( S h e r w i n - W i l l i a m s  C o . ,  Newark, N . J . )  
t h i n n e d  I n t o  a c e t o n e .  T h i s  p ro v e d  t o  g i v e  a  v e r y  t h i n  b u t  tough  
I n s u l a t i n g  j a c k e t .  The r e s i s t o r s  were  I n t r o d u c e d  In t h e i r  s l e e v e s
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Fig.  Thermometers C a l i b r a t i o n  Curve.
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w h i l e  t h e  compound we* s t i l l  l i q u i d  and  l e f t  t o  d r y .  In p r a c t i c e ,  I t  
a p p e a r e d  t h a t  e v e r y  t im e  t h e  r e s i s t o r s  were  b r o u g h t  back  a t  a t m o s p h e r i c  
p r e s s u r e ,  t h e i r  I n s u l a t i o n  from t h e  t h e r m a l  s l e e v e  would  d e t e r i o r a t e .
But I t  would  a g a i n  become e x c e l l e n t  when t h e y  were  i n s i d e  t h e  h l g h -  
vacuum c a l o r i m e t e r .
N e s t ,  t o  e a c h  r e s i s t o r ,  two p a i r s  o f  l e a d s  w ere  s o l d e r e d ,  one f o r  
t h e  e l e c t r i c  c u r r e n t  c i r c u i t ,  t h e  o t h e r  f o r  m easu rem en t  o f  t h e  
d i f f e r e n c e  o f  p o t e n t i a l  a c r o s s  t h e  th e r m o m e te r .  These  l e a d s  were  made 
o f  "Advanc#"  r e s i s t a n c e  w i r e  No. ^ 0 ,  t h u s  m i n i m i z i n g  any  I n s t a n t a n e o u s  
h e a t  f lo w  from t h e  o u t s i d e  h e l iu m  b a t h  t o  t h e  t h e r m o m e t e r s .  G r e a t  c a r e
was t a k e n  t o  keep t h e  r e s i s t a n c e s  from h e a t i n g  up d u r i n g  t h e  s o l d e r i n g
o f  t h e  l e a d s ,  s i n c e  any a p p r e c i a b l e  h e a t i n g  up would  have  ch an g ed  t h e i r  
t e m p e r a t u r e  c h e r a c t e r I s t l c  t h u s  s p o i l i n g  t h e  " m a t c h i n g "  o f  a g iv e n  
pair*. They were  Immerged a l m o s t  t o t a l l y  In w a t e r ,  a t  t h e  e x c e p t i o n  of 
t h e  l e ad  t i p  we w ere  s o l d e r i n g  t o .  F i n a l l y ,  t h e  c o p p e r  l e a d s  t h a t  were  
t o  s e r v e  a s  th e rm a l  j u n c t i o n  b e tw een  t h e  s l e e v e  o f  t h e  t h e r m o m e te r s  and 
t h e  c r y s t a l  w ere  s o l d e r e d  t o  t h e  c r y s t a l .
*4. The C r y s t a l  H o ld e r  and  Vacuum C a l o r i m e t e r
The vacuum c a l o r i m e t e r  was a c y l i n d e r  t u r n e d  o u t  of a s o l i d  p i e c e
o f  b r a s s ;  I t  was s e c u r e d  t o  a b r a s s  l i d  by means o f  s i x  b r a s s  s c r e w s ,  
and  a  g o l d - w t r e  r i n g  p r o v i d e d  a vacuum s e a l .  The c r y s t a l  t o  be  
I n v e s t i g a t e d ,  had t h e  form o f  a r e c t a n g u l a r  p l a t e .  I t  was m ounted  w i t h  
I t s  long  d im e n s io n  p a r a l l e l  t o  t h e  a x i s  o f  t h e  b r a s s  vacuum j a c k e t ,  w i t h  
I t s  u p p e r  p e r t  c lam ped  t o  a n  e l e c t r o l y t i c  c o p p e r  p o s t  e x t e n d i n g  up I n t o  
t h e  h e l i u m  b a t h .  The c r y s t a l  was I n s u l a t e d  e l e c t r i c a l l y  from t h e  b a r  fcy 
means o f  c i g a r e t t e  p a p e r  and  s i l i c o n  vacuum g r e a s e .
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Tha h i g h  p u r i t y  c o p p e r  p o s t  p r o v i d e d  •  good th e rm a l  c o n t a c t  w i t h  
t h e  h e l iu m  b a t h  by v i r t u e  o f  I t s  f l a n g e d  h e a d ,  and  I t  s e r v e d  a s  a h e a t  
s i n k  f o r  t h a  h a a t  c u r r e n t  p r o d u c e d  by a 40 gauge c o n s t a n t l n  w i r e  h e a t e r  
wound a r o u n d  t h e  lower  end  o f  t h e  c r y s t a l .  The h e a t e r  was h e l d  In 
r i g i d  th e rm a l  c o n t a c t  w i t h  t h e  c r y s t a l  by means o f  a s o l u t i o n  o f  Dupont 
Duco Cement t h i n n e d  In a c e t o n e .  The p o s i t i o n  o f  t h e  t h e r m o m e te r s  w i t h  
r e s p e c t  t o  t h a  c r y s t a l  I s  shown In F ig .  5 .
5- The T e m p e r a tu r e  M ea s u r in g  C i r c u i t
The th e rm o m e te r  c i r c u i t  I s  shown In F ig .  6 .  I t  I s  composed o f
t h r e e  p a r t s  d e s c r i b e d  In t h e  f o l l o w i n g .
The c u r r e n t  c i r c u i t  was In  t h e  form o f  a b r i d g e :  two arms o f
t h e  b r i d g e  w ere  c o n s t i t u t e d  by t h e  t h e r m o m e te r s  and  t h e  two o t h e r  
arms w ere  c o n s t i t u t e d  by a v a r i a b l e  r e s i s t a n c e  box o f  h i g h  q u a l i t y  In 
s e r i e s  w i t h  a m ic ro am m ete r  on one s i d e ,  and  by a s t a n d a r d  r e s i s t a n c e  
o f  100 Kohms on t h e  o t h e r  s i d e .  Two com m erc ia l  c a r b o n  r e s i s t a n c e s  
c o n n e c t e d  In  p a r a l l e l  w ere  In s e r i e s  w i t h  t h e  b a t t e r i e s ,  g i v i n g  a 
c h o i c e  b e tw een  t h e  two v a l u e s  o f  0 . 3  and  I Megohm. The c u r r e n t  u sed  
In t h e  t h e r m o m e te r s  v a r i e d  be tw een  8 and  40 m ic ro a m p e re s  d e p e n d in g  
on t h e  a m p l i t u d e  o f  t h e  e f f e c t  u n d e r  m e asu re m e n t .  I t s  v a l u e  was 
c o n s t a n t  a t  a b o u t  l9b>
In t h e  d i a g o n a l  o f  t h e  b r i d g e  was I r e e r t e d  t h e  R ubicon  P o t e n t i o m e t e r .  
A p r o c e d u r e  a p p l i e d  b e f o r e  e a c h  m easu rem en t  c o n s i s t e d  I n t o  b a l a n c i n g  
t h e  two th e rm o m e te r s  I n v o l v e d ,  so  t h a t ,  In t h e  a b s e n c e  o f  t h e  m a g n e t i c  
f i e l d ,  t h e y  w ould  show a  z e r o  s i g n a l .  To t h i s  e f f e c t ,  In t h e  m e a s u r e ­
m en ts  o f  t h e  t r a n s v e r s e  e f f e c t s ,  t h e  h e a t e r  would f i r s t  be c o n n e c t e d .
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c u r r e n t  Met p r o d u c e d ,  t h u s  v a r y i n g  t h e  t e m p e r a t u r e  o f  t h e  two th e r m o m e te r s  
e q u a l l y ,  no  s i g n a l  would r e s u l t .  T h i s  I n s u r e d  t h a t  t h e  two c h a r a c t e r i s t i c  
c u r v e s  o f  t h e  p a i r  o f  th e r m o m e te r e  were  In c o i n c i d e n c e ,  a t  t h e  a v e r a g e  
t e m p e r a t u r e  o f  t h e  m easu rem en t .
In  t h e  c a s e  o f  l o n g i t u d i n a l  e f f e c t s ,  t h e  b a l a n c i n g  was n o t  a s  
c r i t i c a l  b e c a u s e  o n l y  one end  o f  t h e  c r y s t a l  and  th e  c o r r e s p o n d i n g  
th e rm o m e te r  were  f r e e  t o  u n d e r g o  a change  In t e m p e r a t u r e .  I t  was known 
t h a t  t h e  t h e r m o m e te r s  had n e a r l y  I d e n t i c a l  c h a r a c t e r i s t i c s ,  and  th e  
b a l a n c i n g  c o n s i s t e d  I n t o  a d j u s t i n g  t h e  c u r r e n t s  I n t o  t h e  two arms of 
t h e  b r i d g e  su ch  t h a t  t h e  v o l t a g e s  a c r o s s  e a c h  o f  t h e  th e r m o m e te r s  
w ere  e q u a I .
The c a l i b r a t i o n  c i r c u i t ,  I . e .  t h e  c i r c u i t  a l l o w i n g  t h e  m easu rem en t  
o f  t h e  v o l t a g e  a c r o s s  e a c h  th e rm o m e te r  s e p a r a t e l y ,  was c o n s t i t u t e d  by a 
K2  p o t e n t i o m e t e r  (Leeds  and  N o r th r u p  C o . ,  Phi l a d e l p h i a ,  P e n n . )  and  a 
g a l v a n o m e t e r .  T h i s  c i r c u i t  was u s ed  t o  d e t e r m i n e  t h e  c h a r a c t e r i s t i c  
R -  f ( t )  o f  e a c h  th e rm o m e te r .  T h i s  was done r e g u l a r l y  d u r i n g  th e  
d e c r e a s e  in t e m p e r a t u r e  o f  t h e  h e l iu m  b a t h ,  a t  t h e  s t a r t  o f  e a c h  ru n .
These  c h a r a c t e r i s t i c  c u r v e s  were  t h e n  u sed  t o  I n t e r p r e t  t h e  v o l t a g e  
r e c o r d e d  V, In t e rm s  o f  d i f f e r e n c e s  o f  t e m p e r a t u r e ,  a s  w i l l  be 
e x p l a i n e d  In  C h a p t e r  I I I ,  p a r a g r a p h
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EXPERIMENTAL PROCEDURE AND OBSERVATIONS
1. G » n t r i 11 t i e s
The g e n e r a l  p r e p a r a t i o n  o f  a  run  a t  l i q u i d  h e l iu m  t e m p e r a t u r e  has  
been  d e s c r i b e d  by Dr. C. G. B e r g e r o n  In h i s  d i s s e r t a t i o n ,  and  i s  now 
s t a n d a r d  p r o c a d u r e  In t h i s  l a b o r a t o r y .  I t  w i l l  n o t  be d e s c r i b e d  a g a i n ,  
m a i n l y  b e c a u s e  t h e  e x p e r i m e n t a l  p r o c e d u r e  r e l a t e d  t o  o u r  e x p e r i m e n t s  
I s  r a t h e r  I n v o l v e d  and  r e q u i r e s  a  t h o r o u g h  I n v e s t i g a t i o n .  We s h a l l ,  
t h e r e f o r e ,  c o n c e n t r a t e  o u r  a t t e n t i o n  on t h i s  I n v e s t i g a t i o n .
S i n c e  t h e  m e asu re m e n t s  w ere  c o n c e r n e d  w i t h  v a r i a t i o n s  o f  t e m p e r a t u r e  
g r a d i e n t s ,  t h e  a d l a b a t l c l t y  In  t h e  vacuum c a l o r i m e t e r  was a s i n e  qua 
n o n c o n d i t i o n .  The u tm o s t  a t t e n t i o n  w as ,  t h e r e f o r e ,  g iv e n  t o  th e  
m o n i t o r i n g  o f  t h e  h i g h  vacuum I n s i d e  t h e  c a l o r i m e t e r ,  by means o f  an 
i o n i z a t i o n  g au g e .  The vacuum was c o n s i s t e n t l y  b e t t e r  t h a n  I0~^ mm Hg, 
and  u s u a l l y  s t a b i l i z e d ,  a f t e r  t h e  l i q u i d  h e l iu m  t r a n s f e r ,  a t  2 x 10 ^  
mm Hg. A f t e r  s u c h  a t r a n s f e r ,  an  Im m edia te  check  was done on t h e  con ­
t i n u i t y  o f  t h e  l e a d s  and  t h e  e l e c t r i c a l  I n s u l a t i o n  be tw een  t h e  c r y s t a l  
on one  hand and t h e  c a r b o n  r e s i s t a n c e  t h e r m o m e te r s  and  th e  h e a t e r  w in d in g  
on t h e  o t h e r  hand .
The o r i e n t a t i o n  o f  t h e  m agnet  s o  t h a t  t h e  m a g n e t i c  f i e l d  d i r e c t i o n  
would  c o i n c i d e  w i t h  t h e  h e x ag o n a l  a x i s  o f  t h e  z i n c  c r y s t a l ,  was a c h i e v e d  
b e f o r e  e a c h  ru n  by l o c a t i n g  t h e  s h a r p  r e l a t i v e  minimum In t h e
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m a g n e t o r e t l s t a n c e ,  e i t h e r  th e rm a l  o r  e l e c t r i c a l ,  d e p e n d i n g  on the  
n a t u r e  o f  t h e  e x p e r i m e n t .
C a l i b r a t i o n  Curves  o f  t h e  Thermometer
A f t e r  e a c h  l i q u i d  h e l iu m  t r a n s f e r ,  t h e  t e m p e r a t u r e  o f  t h e b a t h  
would  be c o o l e d  down by s t e p s ,  t h r o u g h  a  c o n t r o l l e d  r a t e  o f  pumping.
For e a c h  s t e p ,  t h e  v a l u e  o f  one o r  two th e rm o m e te r s  o f  I n t e r e s t  and  th e  
c o r r e s p o n d i n g  h e l iu m  v a p o r  p r e s s u r e  were  r e c o r d e d ,  a f t e r  t h e  v a p o r  
p r e s s u r e  had s t a b i l i z e d .  T h i s  p r o v i d e d ,  f o r  e a c h  e x p e r i m e n t ,  a p r e c i s e
c a l i b r a t i o n  c u r v e  o f  t h e  th e rm o m e te r s  I n v o l v e d ,  V -  f (T) .
The c o m p a r i so n  o f  t h e  c u r v e s  d e t e r m i n e d  f o r  d i f f e r e n t  e x p e r i m e n t s  
shows t h a t  t h e r e  I s  p r a c t i c a l l y  no h y s t e r e s i s  e f f e c t ,  I . e . ,  t h e  
c a l i b r a t i o n  c u r v e s  o f  e a c h  th e rm o m e te r  s t a y  I d e n t i c a l  t o  t h e m s e l v e s  In 
s p i t e  o f  t h e  r e p e a t e d  c y c l i n g  from room t e m p e r a t u r e  t o  l i q u i d  h e l iu m  
t e m p e r a t u r e s .
In t h e  l a s t  e x p e r i m e n t a l  r u n ,  a l l  f o u r  th e r m o m e te r s  were  m o n i t o r e d  
s i m u l t a n e o u s l y  and  t h e  r e s u l t i n g  p o i n t s  a r e  shown In F ig .  j .  I t  can
be s e e n  t h a t  t h e i r  c o i n c i d e n c e  was v e r y  good.
2. The Measurement  o f  t h e  R lg h l - L e d u c  and  Thermal M aq n e to re s I  s t a n c e  
E f f e c t s
A. Oaf I n 11 1 on
The th e rm a l  c o n d u c t i v i t y  o f  an i s o t r o p i c  homogeneous c o n d u c t o r  In 
t h e  p r e s e n c e  o f  an e x t e r n a l  m a g n e t i c  f i e l d  ( o r  a s  w e l l ,  o f  a s i n g l e  
c r y s t a l  w i t h  s u f f i c i e n t  symmetry  In  t h e  p l a n e  p e r p e n d i c u l a r  t o  t h e  
d i r e c t i o n  o f  t h e  m a g n e t i c  f i e l d )  g i v e s  r i s e  t o  two e f f e c t s  t h a t  were  
I n v e s t I  g a t e d .
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The th e rm a l  m a g n a t o r a s 1 s t a n c e  e f f e c t  i s  c h a r a c t e r i z e d  by t h e  
g r a d i e n t  o f  t e m p e r a t u r e  -Gj m e asu re d  In  t h e  d i r e c t i o n  o f  a h e a t  c u r r e n t  
W| when t h e  e x t e r n a l  m a g n e t i c  M e l d  I s  p e r p e n d i c u l a r  t o  t h e  c u r r e n t .  I t  
i s  a  l o n g i t u d i n a l  e f f e c t  In a t r a n s v e r s e  m a g n e t i c  f i e l d .
The R l g h l - L e d u c  e f f e c t  Is  c h a r a c t e r  I z ed  by th e  g r a d i e n t  o f  
t e m p e r a t u r e  -Gg m e asu re d  In t h e  p e r p e n d i c u l a r  d i r e c t i o n  t o  t h e  h e a t  
c u r r e n t  Wj, when t h e  e x t e r n a l  m a g n e t i c  f i e l d  Is  p e r p e n d i c u l a r  t o  b o t h  
t h e  c u r r e n t  and  t h e  d i r e c t i o n  o f  t h e  t e m p e r a t u r e  g r a d i e n t .  I t  I s  a 
t r a n s v e r s e  e f f e c t  In  a t r a n s v e r s e  m a g n e t i c  f i e l d .
One can  s a y ,  by a n a l o g y  w i t h  t h e  Hal l  e f f e c t ,  t h a t  t h e  R l g h l - L e d u c  
e f f e c t  Is  t h e  phenomenon a s s o c i a t e d  w i t h  t h e  e x i s t e n c e  o f  a non -v an  I s h l n g  
a n g l e  ♦ ' be tw een  t h e  g r a d i e n t  o f  t e m p e r a t u r e  and t h e  h e a t  c u r r e n t  l i n e s .
The th e rm a l  c o n d u c t i v i t y  in  t h e  a b s e n c e  o f  any e l e c t r i c  c u r r e n t  
I s  d e s c r i b e d  by t h e  s e t  o f  e q u a t i o n s  ( i n  t h e  2 - d l m e n s l o n a l  c a s e ) :
W|* “  wj •  Xj | Gj  -  Xg1G2 
wji^ ■ Wg m Xg|Gj + X| jGg
J ,  -  J 2  -  0
( ^ 2 )
The h e a t  c u r r e n t  and t h e  g r a d i e n t  o f  temp' I n t h e  1 -2  p lane
w h i l e  t h e  m a g n e t i c  f i e l d  I s  In t h e  3- d l r e c t i o n .  One has
W *  “  U -  ^ - j  ■  w  -  m  w
e e
s i n c e  J ■ Oj G i s  t h e  n e g a t i v e  t e m p e r a t u r e  g r a d i e n t ,  and  one  can
d e f i n e  a R l g h l - L e d u c  a n g l e  ♦ ' by t h e  r e l a t i o n :
0*3)
In t e rm s  o f  th e rm a l  r e s i s t i v i t i e s ,  one would w r i t e
G1 "  * 1 l ” 1 w l ”  *21 w2  
G2 "  *21 *1 + *11 * w2
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w i t h  t h e  t e n s o r l a l  r e l a t i o n s
( * n _1 1 ) 2  ^  ( M r ’ ) 2+ ( \ ? r ' ) 2 (44)
and
(4;>)
B. E x p e r im e n ta l  P r o c e d u r e
The s i t u a t i o n  was t h a t  d e s c r i b e d  In C h a p t e r  I I ,  p a r a g r a p h  4.  The 
u p p e r  end o f  t h e  z i n c  sam ple  was c lam ped  t o  t h e  c o p p e r  p o s t  which  
e x t e n d e d  o u t  i n t o  t h e  h e l iu m  b a t h .  On th e  lower e n d ,  a h e a t e r  wound 
w i t h  c o n s t a n t ! n  w t r e  No. 4 0 ,  c o t t o n  I n s u l a t e d ,  b r o u g h t  a h e a t  f low  of 
a b o u t  1 m i l l i w a t t .  The c r y s t a l  was e l e c t r i c a l l y  i n s u l a t e d  from b o t h  
t h e  h e a t e r  and  t h e  c o p p e r  p o s t .
A f t e r  t h e  l i q u i d  h e l iu m  t r a n s f e r  and  a check  on t h e  vacuum, one 
o f  t h e  t r a n s v e r s e  t h e r m o m e te r s  was m o n i t o r e d ,  I d e n t i f i e d  a s  th e rm o m e te r  
A, a g a i n s t  t h e  c o r r e s p o n d i n g  v a l u e s  o f  t h e  h e l iu m  v a p o r  p r e s s u r e .  T h i s  
p r o v i d e d  a  s u i t a b l e  c a l i b r a t i o n  c u r v e  f o r  t h e  I n t e r p r e t a t i o n  o f  t h e  
d a t a .  The f i e l d  was th e n  o r i e n t e d  a l o n g  t h e  h e x ag o n a l  a x i s  o f  th e  
c r y s t a l  by l o o k in g  f o r  t h e  s h a r p  r e l a t i v e  minimum o f  th e rm a l  m agne to -  
r e s l s t a n c e .  The h e a t e r  was t h e n  t u r n e d  on and th e  c r y s t a l  a v e r a g e  
t e m p e r a t u r e ,  I n d i c a t e d  by the rm o m ete r  A, n o t e d .  Then one  p r o c e e d e d  t o  
r e c o r d  a sweep, w i t h  t h e  m a g n e t i c  f i e l d  v a r y i n g  a t  a c o n s t a n t  r a t e  from 
0 t o  10 k t l o g a u s s .  The magnet  i s  t h e n  r o t a t e d  by a ldO d e g r e e s ,  and 
a n o t h e r  sweep t a k e n  w i t h  t h e  m a g n e t i c  f i e l d  In t h e  r e v e r s e  d i r e c t i o n .
The d i f f e r e n c e  o f  t h e s e  two r e c o r d i n g s  e l i m i n a t e s  any  e f f e c t  o f  m i s a l i g n ­
ment  o f  t h e  t r a n s v e r s e  t h e r m o m e te r s  and p r o v i d e s  t w i c e  t h e  v a l u e s  o f  t h e
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t r a n s v e r s e  g r a d i e n t  o f  t e m p e r a t u r e  a s  a f u n c t i o n  o f  H. The th e rm a l  
m a g n e t o r e s  I s t a n c e  m easu rem en t  f o l l o w e d  an I d e n t i c a l  p r o c e d u r e *  b u t  th e  
f i e l d  was n o t  r e v e r s e d .  I t  I s  I m p o r t a n t  t o  make t h e  two f o l l o w i n g  
rem arks :
1. I t  was e s t i m a t e d  t h a t  t h e  m easu rem en t  o f  t h e  r e s i d u a l  th e rm a l  
r e s i s t a n c e  "X̂ ^ ^  (H -  0) was t o o  I m p r e c i s e  t o  be t a k e n  I n t o  a c c o u n t .
For* t h e  r i s e  o f  t h e  c r y s t a l  t e m p e r a t u r e  and  t h e  c o r r e s p o n d i n g  
c o r r e c t i o n  t o  be made f o r  t h e  s l i g h t  d i f f e r e n c e  In t h e  c h a r a c t e r i s t i c  
c u r v e s  o f  t h e  th e r m o m e te r s  was o f  t h e  same o r d e r *  I f  n o t  l a r g e r *  t h a n
the  e f f e c t  I t s e l f .  In t h e  t r a n s v e r s e  c a s e  t h e r e  e v i d e n t l y  I s  no r e s t d u a l
e f f e c t .
2. The z e r o  o f  e a c h  r e c o r d i n g  was t a k e n  a s  b e i n g  th e  t r a c e  o f  t h e  
r e c o r d e r  w i t h  h e a t e r  t u r n e d  on* In t h e  a b s e n c e  o f  m a g n e t i c  f i e l d .  The 
m easu rem en t  p ro v id e d *  t h e r e f o r e *  t h e  q u a n t i t y :
X , ( H )  -  X , ( 0)  -  A X , , ’
The same remark  a p p l i e s  t o  t h e  e l e c t r i c a l  m a g n e t o r e s  I s t a n c e  
m easurem ents*  p j j ( H )  -  p j j ( 0 )  a £ p | j  e x c e p t  t h a t  In  t h e  e l e c t r i c a l  c a s e  
th e  m e asu re m e n t  o f  p ^ ( 0 ) does  n o t  p r e s e n t  any  d i f f i c u l t y  and I s  made 
w i t h  r e l a t i v e l y  h ig h  p r e c i s i o n .
Here a r e  t h e  p r i n c i p a l  d e t a i l s  a b o u t  t h e s e  m easu rem en ts :
T e m p e ra tu re  o f  t h e  h e l iu m  b a t h :  1.37°K.
T e m p e r a tu r e  o f  t h e  c r y s t a l  (H -  0) w i t h  h e a t e r  on
(I m w a t t ) :  2 . 0 0  K.
p
Heat c u r r e n t  I n j e c t e d :  1 m i l l i w a t t  o r  35 m l l l l w a t t / c m  .
C. A n a l y s t s  o f  t h a  P r o c e d u r e
Le t  us  s t a t e  a g a i n  t h e  f o l l o w i n g  d e f i n i t i o n s :  
u «  f lo w  o f  i n t e r n a l  e n e r g y .
w* * T x f lo w  o f  e n t r o p y  -  " h e a t  c u r r e n t "  -  u -  pT. 
w •  a b s o l u t e  h e a t  c u r r e n t  ■ u -  pcT.
The e x p e r i m e n t a l  s i t u a t i o n  can  be a n a l y t i c a l l y  d e s c r i b e d  by (See F ig .  
k ):  Wg «• 0 ,  i . e .  no t r a n s v e r s e  h e a t  c u r r e n t ,  a c o n d i t i o n  t h a t  d e f i n e s
t h e  a d i a b a t i c  c a s e .  J j  -  J g  •  U, I . e .  no e l e c t r i c  c u r r e n t  e i t h e r  
t r a n s v e r s e  o r  l o n g i t u d i n a l .  I t  f o l l o w s  t h a t  w* -  w -  u a n d ,  t h e r e f o r e ,
“  w| " N k Gk
In t e n s o r  n o t a t i o n .
The c o n s e q u e n c e  I s  t h a t  f o r  t h e  R lg h l - L e d u c  and th e  th e rm a l  
m a g n e t o r e s i s t a n c e ,  t h e  g r a d i e n t  o f  t e m p e r a t u r e  one m e a s u r e s  i s :
w here  w^ Is  t h e  a b s o l u t e  h e a t  c u r r e n t  I n j e c t e d  in  t h e  c r y s t a l .  In 
o t h e r  w o r d s ,  t h e  c h em ica l  p a r t  o f  t h e  e l e c t r o c h e n i l ca  1 po:c< . i a l  has  no 
b e a r i n g  on t h e s e  e f f e c t s .
3* The K e a s u re m e n t s  o f  t h e  A b s o l u t e  T h e r m o e l e c t r i c  P twer  and  t h e  
N e r n s t - E t t 1n q s h a u s a n  E f f e c t
These  measure i  e n t s  were  done by Or. C. J .  B e rg e ro n *  and r e s u l t s  
a r e  d e s c r i b e d  In  h i s  d i s s e r t a t i o n .  Though .he  sa>■* c r y s t a l  was u s e d ,  
w i t h  t h e  sa; e  ty p e  o f  h o l d e r ,  t h e s e  e f f e c t s  w ere  i e a s u r e d  a g a i n  In 
o r d e r  t o  s e e  w h e t h e r  t h e  h a n d l i n g  o f  t h e  c r y s t a l  and t h e  s o l d e r i n g  I t
*C. J .  B e r g e r o n ,  D i s s e r t a t i o n ,  L o u i s i a n a  S t a t e  U n i v e r s i t y ,
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62 = 0 :  isothermal 
W2 = 0 :  adiabatic
B
Transverse effect: 
z '  Ez or G2
Longitudinal ^ ^
effect: E|,G| ,o r  W|
Given primary ̂  
quantity : j ( or Gi
F ig .  L. R e l a t i v e  O r i e n t a t i o n s ,  f o r  G a lv an o -  and  Therm om agne tIc  E f f e c t s  
In a T r a n s v e r s e  M ag n e t i c  F i e l d .
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u n d e r w e n t ,  hed changed  I t i  c h a r a c t e r i s t i c * .  Our r e s u l t s  c o i n c i d e d  
r e a s o n a b l y  w e l l  w i t h  t h o s e  o f  Dr.  B e r g e r o n ,  e x c e p t  f o r  a s l i g h t  
r e d u c t i o n  In  t h e  a m p l i t u d e  o f  t h e  o s c i l l a t i o n s .
A n a l y s l s
An a n a l y s i s  t h a t  p o i n t s  t o  a  f a c t  o v e r l o o k e d  In t h e  p r e v i o u s  
work w i l l  now be g i v e n .  The e x p e r i m e n t a l  s I t u a t I  on Is  c h a r a c t e r i z e d  by 
t h e  c o n d i t i o n s :
Wo ■ 0 ,  Go d  0
0*8 )
JI ■ ■ 0
We have  c o n s e q u e n t l y  a g a i n :
w* m w ■* u ■ ^ I k ^ k  (**^)
These  m easu rem en ts  were  In  f a c t  a  d e t e r m l n a t I  on o f  t h e  t h e r m o e l e c t r i c  
power o f  t h e  Zn-Cu th e r m o c o u p le  formed by t h e  z i n c  c r y s t a l  and  t h e  
c o p p e r  l e a d s .  We w i l l  show t h a t  t h e  e t e n s o r  d e f i n e d  by
E* ■ p J  + eG )
where
E* -  -  G -  -  V T  ( M )
I s  t h e  d i f f e r e n c e  o f  two t e r m s ,  r e s p e c t i v e l y  r e l a t e d  t o  t h e  z i n c
sam ple  and  t o  t h e  c o p p e r  l e a d s .
And i d e a l i z e d  s c h e m a t i c  o f  t h e  e x p e r i m e n t a l  s e t  up w i l l  be h e l p f u l .
J u n c t i o n s  I and 2 a r e  a t  t e m p e r a t u r e s  Tj and  Tg (Tg -> T ( ) b u t  t h r e e
and f o u r  a r e  a t  t h e  same t e m p e r a t u r e  T .
P
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The k i n e t i c  e q u a t i o n  ( 5 ° ) /  w l t h  J ■ 0 g i v e s
Ej *  ■ c | |G | 0)2)
where  t h e  p rob lem  i s  c o n s i d e r e d  1 - d l m e n s l o n a l ,  f o r  s i m p l i c i t y *  N o t in g
t h a t  E* -  c | | G| and  G *■ -  ^  T ,  one w r 1t e s :
f 2  r2  r2■ *e J Ei*dx - e j  C i iG .d x  > e J € , , d T-  Hi - - j j«  a  j c ^ ^ a x  -  e  j
1 I 1
*t — -*> j E ,*dx  ■ e  /  *
3 2  , I 1 BH-a -  H0  •  " e  /  ,  -   /  e dT 0 ; j )
Jm -  Hi, ■ e J tgdT
The e l i m i n a t i o n  o f  H] and  by a d d i n g  t h e  t h r e e  r e l a t i o n s  g i v e s :
Ho -  *  • (  € dT + /*  € dT + / 2  € dT) (!>*♦)
-> ** ^ a g  B | I I
But t h a  I m p o r t a n t  f a c t  t h a t  t h e  p o t e n t i o m e t e r  I s  I s o t h e r m a l ,  I . e .  
no d i f f e r e n c e  o f  t e m p e r a t u r e  e x i s t s  b e tw een  k  and  3 e n t a i l s
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/ 3 €8 dT -  0 (5 5 )
4
and mos t  I m p o r t a n t ,  I t  e n t a i l s  a l s o  t h a t  -*(**3 ~ ^ 4 ) “  T ^ a 3 “ u e4^ * S 
^ n c ■ 0 a c r o s s  t h e  I s o t h e r m a l  p o t e n t i o m e t e r .  ~ ^e4^ l s  t ^e
d i f f e r e n c e  o f  e l e c t r o s t a t i c  p o t e n t i a l ,  t h e  p o t e n t i a l  wh i ch  Is  me as ur e d  
by t h e  p o t e n t i o m e t e r .
E* -  E (56)
S i n c e  ■ U. T h i s  l a s t  p o i n t  seems t o  have  been o v e r l o o k e d  In
B e r g e r o n ' s  a n a l y s i s .  T h e r e f o r e ,  t h e  m e as u re d  e l e c t r o s t a t i c  p o t e n t i a l ,  
be twee n  3 *nd *+ 1c
V -  -  y ( p 3 -  P4 ) -  ^  {cB -  € n )dT (5 7 )
‘  € 1 I* A T
s i n c e  t h e  d i f f e r e n c e  o f  t e m p e r a t u r e  I n v o l v e d  I s  v e r y  s m a l l .  Now, s i n c e  
t h e  d i a m e t e r  o f  t h e  c o p p e r  l e a d s  was v e r y  s mal l  (No. 33)  *ny t r a n s v e r s e
e f f e c t  i n  t h e  l e a d s  due  t o  t h e  e x t e r n a l  m a g n e t i c  f i e l d  was n e g l l g e a b l e .
T h e r e f o r e ,  g o i n g  back  t o  t h e  2 - d l m e n s I o n a l  c a s e  we can  c o n s i d e r  a





One h a s ,  t h e r e f o r e ,  In t e n s o r  n o t a t i o n :
E -  (e -  €B)G (59)
w i t h  t h e  I m p o r t a n t  r e l a t i o n
E -  E* (60)
g u a r a n t e e d  by t h e  I s o t h e r m a l  n a t u r e  o f  t h e  p o t e n t i o m e t e r .  To w r i t e  
(59)  In d e v e l o p e d  form,  we mus t  t a k e  a c c o u n t  o f  G2  ^  0* Hence,
El -  E ,*  «b )G, + € , 2 G2
E2  -  E2* -  €2 1 G, + ( € n  -  €B)G2
(61)
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R e l a t i o n  o f  t h e  El ement*  o f  T e n s o r  c w i t h  t h e  Measured  Q u a n t i t i e s  
The I n d e p e n d e n t  e x p e r i m e n t a l  p a r a m e t e r  was t h e  a b s o l u t e  h e a t  
c u r r e n t  w j ,  and  t h e  me a s u re me n t s  d e t e r m i n e d  t he  q u a n t i t i e s
« i .  ■ = 7  ’ e2 . ■ ¥  <62)
S u b s t i t u t i n g  G| ■ *wj In (6 l )  I t  becomes:
€ | |  "  ( e l l  " eB) Xl l  ' + €2 I X12 1 (63)
' 2 1  ■ *8 i N r '  *  u n  ■ ' b ) * I 2‘ I
where  we u s ed  t h e  symmetry r e l a t i o n  C| | ■* e^  Th i s  can  be w r i t t e n  In 
t e n s o r  form
€ > -  \  1 ( € -  €fJ) . (64)
Th i s  d e s c r i b e s  a c c u r a t e l y  t h e  e f f e c t  o f  t h e  p r e s e n c e  o f  t h e  c o p p e r  
l e a d s .
I t  I s  w o r t h  p o i n t i n g  o u t  t h a t  t h e  u se  o f  t h e  c t e n s o r  e n a b l e s  us
t o  I n t r o d u c e  t h e  e f f e c t  o f  c o p p e r  a s  a  s i m p l e  a d d i t i v e  t e rm t o  t h e
d i a g o n a l  e l e m e n t s  o f  t h e  e t e n s o r .
R e l a t i o n  o f  t h e  E l eme n t s  o f  Te n s o r  e" w i t h  t h e  Measured  Q u a n t i t i e s  
I t  one r e w r i t e s  t h e  d y n ami ca l  e q u a t i o n s  w i t h  t he  c o n d i t i o n  J -  0,  
one ha s  In t e n s o r  form:
E* -  cG
(6 5 )
J -  cE* " «"G 
t h e  s e c o nd  o f  e q u a t i o n s  (6 5 ) y i e l d s :
But  s i n c e  €* *• \  * (c  “ €B)
e" -  a t .  (6 6 )
B̂
(67 )
o r  c -  + eg
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I t  f o l l o w s  from (6 6 )
e11 -  a Xe'  + <JcB (6 8 )
The c o m p u t e  d e v e l o p e d  form wl 11 be  g i v e n ,  s i n c e  I t  wes u s ed  In t h e  
c a l c u l a t i o n s  o f  t h e  e l e m e n t s  o f  t h e  c"  t e n s o r :
*7 l "  € M f f l l * 1 1  “  a 2 l * 2 l *  " € 2 l ^ ° l l X2 l  +  a 2 l X l l *  +
*21 “  €2 l^ a H X 11 " ° 2 \ \ 0  + c n ^ c l l X2l + a2 i >vl I  ̂ + a21€B 
f a c t o r  o u t  and  u s e  t a n  a -  -  t a n  a* -  -  ^ £ 1  . ( jO)
I f  one  now makes t h e  a s s u m p t i o n  t a n  a «  t a n  a 1, wh i ch  was p r o v e d  t o  be
e q u i v a l e n t  t o  t h e  v a l i d i t y  o f  t h e  g e n e r a l i z e d  WI edema nn - F r a nz  law,  t he
e x p r e s s i o n  s i m p l i f i e s  I n t o :
^ n ^ n ^ i i  “  € l i ^  " t a n  + €2 i ’ 2  t a n  •  + €b ^ i i
£,2 I / 0 U X11 ■ 4 i ( l  ■ t * " 2 * ) -  * i i  • 2  tmn * + l ? 7  * 7 7  
h e n c a ,  d i v i d i n g  by I ■ t a n ^  •  «  I -  t a n  ♦ t a n  • '  .  I -  g^J j r j
S ' I  ■  ( B I 1 X I I  '  ° 2 l X 2 l ) ( * l l  +  * 2 1  « " 2 « )  +  0 11 € B 
* 2 1  -  ( # H X | I  *  0 2 | X 2 I U * 2 I  *  * 1 1  , , n 2  °  +  ° 2 I  *® •
(70
(72)
The q u a n t i t i e s  Cgj c a ] c * n<̂  ^ \ \  c* t c * t h a t  were  computed and p l o t t e d  
a r e :
* n  c a l c .  “  (° I I XII "  ° 21>,2 l ) ( * l l  + *21 t i n  (73)
*21 c a l c .  *  ( o l l Xl l  " 0 2 IX2 I ) ( £ 2 ! '  *1 I t " ' £ * ) 
t h e y  r e p r e s e n t  t h e r e f o r e :
(74)
*11 c a l c .  "  e l'l ‘  ° 1 I €B
*21 c a l c .  "  *21 ” a p i €B
and  c o n t a i n  I m p l i c i t l y  a t e rm p r o p o r t i o n a l  t o  eg.
The Measurement  o f  t h e  P e l t i e r  and  E t t I n g s h a u s e n  E f f e c t s  
A. D e f i n i t i o n  o f  t h e  P e l t i e r  e f f e c t  and E t t I n g s h a u s e n  e f f e c t .
The P e l t i e r  e f f e c t  r e f e r s  t o  t h e  e v o l u t i o n  o f  h e a t  a ccompany i ng
t h e  f l o w  o f  a n  e l e c t r i c  c u r r e n t  a c r o s s  an  I s o t h e r m a l  j u n c t i o n  o f  two
m a t e r i a l s  A and  B. The t o t a l  e n e r g y  c u r r e n t  U wl11 be d i s c o n t i n u o u s
a c r o s s  t h e  j u n c t i o n ,  and t he  e h e r g y  d i f f e r e n c e  a p p e a r s  a s  " P e l t i e r  h e a t "
a t  t h e  j u n c t i o n .  In t h e  e x p e r i m e n t a l  s e t  up ,  t h e  j u n c t i o n  i s  be t ween  a
c o p p e r  w i r e  and a z i n c  c r y s t a l  w i t h  w i d e l y  d i f f e r e n t  c r o s s  s e c t i o n s .  We
w i l l  a c c o r d i n g l y  s p e a k  o f  t o t a l  c u r r e n t s .  One has
li -  W* + 1± I ,  where  U and I s t a n d  f o r  t h e  ( 7 *3 )
e
t o t a l  c u r r e n t s  and s i n c e  b o t h  t h e  e l e c t r o c h e m i c a l  p o t e n t i a l  f o r  
e l e c t r o n  u and  t h e  e l e c t r i c  c u r r e n t  I a r e  c o n t i n u o u s  a c r o s s  t h e  
j u n c t i o n  I t  f o l l o w s  t h a t  t he  d i s c o n t i n u i t y  In U I s  e qu a l  t o  t h e  
d i s c o n t i n u i t y  In V*.
uA -  UB -  wA* -  wB* (7 6 )
s i n c e  t h i s  o c c u r s  u n d e r  i s o t h e r m a l  c o n d i t i o n  t h e  h e a t  wh ich  e v o l v e s  a t  
t h e  j u n c t i o n  I s
AQ -  TAS -  (VA* -  WB* )  x t i m e .  (7 7 )
Because  o f  t h e  I s o t h e r m a l  c o n d i t i o n  G -  0 ,  t he  d ynami ca l  e q u a t i o n s
g i v e  In e i t h e r  c o n d u c t o r
W* -  -  n"E* (7 8 )
In t h e  one  d i m e n s i o n a l  c a s e  t h a t  we a r e  a n a l y z i n g ,  t h e  P e l t i e r  
c o e f f i c i e n t  I s  d e f i n e d  a s  t h e  h e a t  t h a t  mus t  be s u p p l i e d  t o  t h e  
j u n c t i o n  when u n i t  e l e c t r i c  c u r r e n t  p a s s e s  from c o n d u c t o r  A t o  
c o n d u c t o r  B. Thus ,
T h i s  d e f i n i t i o n  can  be  e x t e n d e d  t o  t h e  c a s e  o f  homogeneous i s o t r o p i c  
medium. The P e l t l t r  e f f e c t  would c h a r a c t e r i z e  t h e  h e a t  f l ow accompany i ng  
an e l e c t r i c  c u r r e n t  and t h e  P e l t i e r  c o e f f i c i e n t  would m e as u re  t h e
1 p
g r a d i e n t  o f  t e m p e r a t u r e  c r e a t e d  p e r  u n i t  e l e c t r i c  c u r r e n t .
E t t I n g s h a u s e n  e f f e c t :  In t h e  p r e s e n c e  o f  a m a g n e t i c  f i e l d ,
p e r p e n d i c u l a r  t o  t h e  e l e c t r i c  c u r r e n t ,  t h e  E t t I n g s h a u s e n  c o e f f i c i e n t  
m e a s u r e s  t h e  g r a d i e n t  o f  t e m p e r a t u r e  p e r  u n i t  e l e c t r i c  c u r r e n t ,  me a s u r e d  
p e r p e n d i c u l a r l y  t o  b o t h  c u r r e n t  and  m a g n e t i c  f i e l d .
8.  The E x p e r i m e n t a l  P r o c e d u r e
In t h e  e x p e r i m e n t a l  s e t  up ,  t h e  z i n c  c r y s t a l  was c o n n e c t e d  a t  
e a c h  end w i t h  t h e  c u r r e n t  l e a d s  (See F i g .  7 ) .  Thus ,  one must  t a k e  I n t o  
a c c o u n t  t h e  f a c t  t h a t  one  had two j u n c t i o n s  Cu-Zn and Zn-Cu r e s p e c t i v e l y .  
The j u n c t i o n  a t  t h e  e x t r e m i t y  o f  t h e  c r y s t a l  t h a t  was In c o n t a c t  w i t h  
t h e  h e l i u m  b a t h  can  be c o n s i d e r e d  a s  I s o t h e r m a l .  The q u a n t i t i e s  t h a t  
were  m eas u r ed  were  t h e  d i f f e r e n c e s  o f  t e m p e r a t u r e  r e s p e c t i v e l y  be tween  
t h e  two j u n c t i o n s ,  In  t h e  d i r e c t i o n  o f  t h e  c u r r e n t  and t r a n s v e r s e  t o  t h e  
c u r r e n t ,  a s  a f u n c t i o n  o f  t he  m a g n e t i c  f i e l d  s t r e n g t h  f o r  a c o n s t a n t  
e l e c t r i c  c u r r e n t .  We s h a l l  show In t he  a n a l y s i s  t h e  r e l a t i o n s h i p  o f  t he  
me as u r e d  q u a n t i t i e s  t o  t h e  P e l t i e r  and E t t I n g s h a u s e n  c o e f f i c i e n t s .
The f i r s t  t r y  a t  t h e  measu r emen t  o f  t h e  E t t I n g s h a u s e n  e f f e c t  was 
done  w i t h  t h e  c r y s t a l  mounted a s  d e s c r i b e d  In C h a p t e r  I I ,  I . e .  w i t h
*•5
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one  end  In  t h e rm a l  c o n t a c t  w i t h  t h e  h e l i u m  b a t h ,  t h r o u g h  an e l e c t r o l y t i c  
c o p p e r  p o s t ,  t h e  o t h e r  end b e i n g  t h e r m a l l y  I n s u l a t e d .  The meas uremen t  
showed a l a r g e  R l g h t - L e d u c  e f f e c t ,  I n d i c a t i n g  t h e  f l o w  o f  a r a t h e r  
l a r g e  h e a t  c u r r e n t  a l o n g  t h e  c r y s t a l .  The o r i g i n  o f  t h i s  h e a t  c u r r e n t  
was a t t r i b u t e d  t o  two s i m u l t a n e o u s  phenomena.
The f i r s t  was o b v i o u s l y  t h e  c r e a t i o n  o f  a l a r g e  amount  o f  J o u l e ' s  
h e a t ,  m a i n l y  In t h e  s ma l l  c r o s s  s e c t i o n  c o p p e r  l e a d s .  Th i s  p r o d u c e d  a 
h e a t  c u r r e n t  f l o w i n g  t o wa r ds  t h e  h e a t  s i n k  p r o v i d e d  by t h e  c o p p e r  p o s t .  
Th i s  f l o w  was c r e a t i n g  no t  o n l y  a R l g h l - L e d u c  t r a n s v e r s e  g r a d i e n t  o f  
t e m p e r a t u r e ,  b u t  a l o n g i t u d i n a l  o n e ,  a s  w e l l ,  due t o  t h e  t he r ma l  
m a g n e o t r e s  1 s t a n c e  e f f e c t .
The s e c o nd  was t h e  e v o l u t i o n  o f  a  Thomson h e a t  a s  t he  e l e c t r i c  
c u r r e n t  t r a v e r s e d  t h e  l o n g i t u d i n a l  g r a d i e n t  o f  t e m p e r a t u r e .  Under t h e s e  
c o n d i t i o n s ,  t h e  p r e s e n c e  o f  l a r g e  R I g h i - L e d u c  and m a g n e t o r e s l s t a n c e  
e f f e c t s  made I m p o s s i b l e  any m e as u r eme n t  o f  t h e  P e l t i e r  and E t t I n g s h a u s e n  
e f f e c t s ,  s i n c e  t h e s e  a r e  much s m a l l e r  in a b s o l u t e  v a l u e .
A f i r s t  t r y  a t  m i n i m i z i n g  t h e  h e a t  c u r r e n t  was made,  by w i n d i n g  a 
few t u r n s  o f  r e s i s t a n c e  w i r e  on t h e  c l amped  e x t r e m i t y  o f  t h e  c r y s t a l ,  t o  
be u s ed  a s  a u x i l i a r y  h e a t e r .  The I d e a  was t o  r a i s e  t h e  t e m p e r a t u r e  o f  
t h a t  end s o  as  t o  m i n i m i z e  t h e  t e m p e r a t u r e  g r a d i e n t  a c r o s s  t h e  l e n g t h  
o f  t h e  c r y s t a l .  T h i s  r e d u c ed  e f f e c t i v e l y  t h e  h e a t  c u r r e n t  and t he  
d i f f e r e n c e  o f  two r e c o r d i n g s  w i t h  o p p o s i t e  v a l u e s  o f  t he  e l e c t r i c  c u r r e n t  
showed a p u r e  o s c i l l a t o r y  e f f e c t  t h a t  we t e n t a t i v e l y  I d e n t i f i e d  w i t h  
t h e  E t t I n g s h a u s e n  e f f e c t .  But  t h e  p r e c i s i o n  was v e r y  p o o r  and a  more 
e f f i c i e n t  way o f  m i n i m i z i n g  t h e  J o u l e  h e a t  c u r r e n t  had t o  be f ound .
**1
To t h i s  e f f e c t ,  a t he rma l  j u n c t i o n  was e f f e c t e d  from t he  p r e v i o u s l y  
t h e r m a l l y  I n s u l a t e d  end  o f  t h e  c r y s t a l  t o  t he  h e a t  s i n k  ( c o pp e r  p o s t ) .
We used  a heavy c o p p e r  w i r e  (No. 22) s o l d e r e d  a t  one end  t o  t h e  
e x t r e m i t y  o f  t h e  c u r r e n t  l ead  where  we s u s p e c t e d  most  o f  t h e  J o u l e  
h e a t  t o  o r i g i n a t e ,  and c lamped t he  o t h e r  t o  t h e  c op p er  p o s t .  Th i s  
a r r a n g e m e n t  p ro v ed  v e r y  e f f e c t i v e .  Hence,  a s l i g h t  h e a t  c u r r e n t  
I n j e c t e d  a t  t h e  p r i n c i p a l  h e a t e r  p r o v e d  t o  mi n imi ze  any t e m p e r a t u r e  
g r a d i e n t  down t o  a n e g l i g e a b l e  amount .  The h e a t e r  was a d j u s t e d  by 
t r y i n g  t o  r e d u c e  t he  t he rma l  m a g ne t o r e s I  s t a n c e  e f f e c t  t o  a n e g l i g e a b l e  
v a l u e ,  w i t h  a m a g n e t i c  f i e l d  of  a b o u t  6 . 5  k l l o g a u s s  p r e s e n t .  The 
c o n d i t i o n s  In t h e  f i n a l  (and s u c c e s s f u l )  run were t h e  f o l l o w i n g :
For E t t I n g s h a u s e n  E f f e c t  
Average  t e m p e r a t u r e  o f  he l i u m b a t h :  l . 49°K.
E l e c t r i c  c u r r e n t  t h r o u g h  c r y s t a l :  670  ml 1 11 ampe r es .
Amount o f  h e a t  I n j e c t e d  ( t o  n e u t r a l i z e  t h e  t e m p e r a t u r e  g r a d i e n t  c r e a t e d  
by J o u l e  h e a t ) :  -  0 . 6  m i l l i w a t t .
Average  t e m p e r a t u r e  o f  c r y s t a l :  2 . 9 8 °K.
For P e l t i e r  E f f e c t
Average  t e m p e r a t u r e  o f  h e l i u m b a t h :  l .S2°K.
E l e c t r i c  c u r r e n t  t h r o u g h  c r y s t a l :  669  mi 111 amper es .
Amount o f  h e a t  I n j e c t e d :  > 0 . 3 6  m i l l i w a t t s .
Average  t e m p e r a t u r e  o f  c r y s t a l :  2 . 90°K.
C. A n a l y s i s  o f  t h e  Ex pe r im en t a l  P r o c e d u r e .
The b a s i c  e x p e r i m e n t a l  s e t  up g u a r a n t e e d  t h e  f o l l o w i n g  c o n d i t i o n s :
No t r a n s v e r s e  c u r r e n t  f l ow J ^  ■ 0,  and a s  a cons e que nce
Wj>* ■ Wg ■ Ug.
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No t r a n s v e r s e  h e a t  f l o w  w^ *■ w^* -  0 .
One end  o f  t h e  c r y s t a l ,  and t h e  c o r r e s p o n d  Ing j u n c t i o n  In 
c o n t a c t  w i t h  a h e a t  r e s e r v o i r ,  I . e .  t h e  h e l i u m  b a t h .
The b a s i c  k i n e t i c  e q u a t i o n s  a r e ,  t h e r e f o r e ,
wj* -  - n j  | J | + Xn G, + X , 2 G2
(80 )
0 "  ~ n2 l J l + X2 l Gl * * 1 I G2
Our e x p e r i m e n t a l  p r o c e d u r e  was t o  add t h e  f o l l o w i n g  f e a t u r e :
1. The g r a d i e n t  o f  t e m p e r e t u r e  c r e a t e d  by t h e  J o u l e ' s  h e a t  was 
m i n i m i ze d  t o  a  n e g l i g e a b l e  v a l u e  a s  d e s c r i b e d  In t h e  p r o c e d u r e .  The 
I n h e r e n t  Thomson e f f e c t  which  c o r r e s p o n d s  t o  t h i s  J o u l e ' s  g r a d i e n t  of  
t e m p e r a t u r e  was by t h e  same way m i n i m i z e d .
2.  The I n h e r e n t  Thomson e f f e c t  t h a t  e x i s t s  s i m u l t a n e o u s l y  w i t h  
t h e  P e l t i e r  g r a d i e n t  o f  t e m p e r a t u r e ,  was e l i m i n a t e d  by t a k i n g  two 
d i f f e r e n t  sweeps  w i t h  e l e c t r i c  c u r r e n t  +1 and  - I  r e s p e c t i v e l y ,  and  
s u b s t r a c t l n g  t h e  two c u r v e s .  I t  s h o u l d  be p o i n t e d  o u t  t h a t  t h i s  
o p e r a t i o n  e l i m i n a t e s  a l s o  any R l g h l - L e d u c  and  m a g n e t o r e s  I s t a n c e  e f f e c t s  
a s s o c i a t e d  w i t h  a r e s i d u a l  f r a c t i o n  o f  t h e  J o u l e ' s  h e a t  c u r r e n t .  Th i s  
w i l l  be  j u s t i f i e d  a s  f o l l o w s .  C o n s i d e r  t he  f o l l o w i n g  s c h e m a t i c  d i ag r am:
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I t  w i l l  be  shown f i r s t  t h a t  t h e  P e l t i e r  e f f e c t  I s  e q u i v a l e n t  t o  
t h e  f l o w  o f  a  P e l t i e r  h e a t  c u r r e n t  i n  t h e  s am p l e .  For ,  I f  t he  who le  
sampl e  and  t he  j u n c t i o n s  a r e  k e p t  I s o t h e r m a l ,  a n  amount  o f  h e a t  e q u a l  
t o  t h e  P e l t i e r  h e a t  w i l l  e v o l v e  from one  j u n c t i o n  t o  t he  r e s e r v o i r  
w h i l e  t h e  same amount  o f  h e a t  I s  t a k e n  from a r e s e r v o i r  t o  t h e  o t h e r  
j u n c t i o n .  T h i s  ( s  e q u i v a l e n t  t o  t h e  f low o f  h e a t
WB -  WA -  («A - n B)I  (81)
Now sup p o s e  one  o f  t he  j u n c t i o n s  Is  n o t  i s o t h e r m a l ,  a s  I s  t he  
c a s e  In  t h e  e x p e r i m e n t  and t h e  c o n d i t i o n  o f  t h e  s ampl e  I s  a d i a b a t i c .
A d i f f e r e n c e  o f  t e m p e r a t u r e  AT w i l l  be s e t  up by t he  P e l t i e r  h e a t  
f l ow .  The Thomson e f f e c t  I s  p r o p o r t i o n a l  t o  b o t h  t he  c u r r e n t  and the  
d i f f e r e n c e  o f  t e m p e r a t u r e  AT. When t h e  c u r r e n t  I s  r e v e r s e d ,  t h e  f l ow 
o f  P e l t i e r  h e a t  r e v e r s e s  and t he  d i f f e r e n c e  o f  t e m p e r a t u r e  becomes 
-AT. T h e r e f o r e ,  t h e  Thomson e f f e c t  p r o p o r t i o n a l  t o  t h e  p r o d u c t  
J x AT -  ( - J )  x (-AT) Is  u n c han ge d ,  and Is  e l i m i n a t e d  when the  d i f f e r e n c e  
o f  t h e  +1 r e c o r d i n g  and -1  r e c o r d i n g  Is  t a k e n .  The g r a d i e n t  o f  
t e m p e r a t u r e  a s s o c i a t e d  w i t h  any  r e s i d u a l  J o u l e ' s  h e a t  f l ow w i l l  o b v i o u s l y  
r ema i n  unchanged  when t he  e l e c t r i c  c u r r e n t  i s  r e v e r s e d  an t he  a s s o c i a t e d  
Thomson e f f e c t  w i l l  no t  v a n i s h  In t he  d i f f e r e n c e ,  b u t  w i l l  be n e g l i g i b l e .
T h i s  b e i n g  e s t a b l i s h e d ,  one ha s  in  t h e  l o n g i t u d i n a l  d i r e c t i o n  
c a l l i n g  A and B t h e  r e s p e c t i v e  c r o s s  s e c t i o n s  f o r  t h e  z i n c  s am p l e ,
WA* “  ~n 1111 ♦ ( ^ 41Gi -  A21G2 )A (82 )
and  f o r  t h e  c o p p e r  l e a d s ,
WB - - * B , 1 (83)
where  we n e g l e c t  a l l  t e r ms  o f  t he  form XgGB b e c a u s e  o f  t h e  s m a l l n e s s  o f  
t h e  c o p p e r  l e a d s  c r o s s  s e c t i o n .
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The s y s t e m  o f  k i n e t i c  e q u a t i o n s  I s ,  t h e r e f o r e ,
V  '  V  "  " (rtH  " V 1 + ^ 1  l Gl " \ > 1 G2)A (84)
0 "  ” *2 l * 1 + ^ 2 l G| + ^  1 I G2 ^A 
a nd  t h e  c o n t i n u i t y  o f  t h e  e l e c t r o c h e m i c a l  p o t e n t i a l  a t  t he  j u n c t i o n s
g i v e s ,
V  "  V  "  WA *  WB (85)
I t  wl11 now be  shown t h a t  -  Wg was n e g I i  g l b l e . ■ The the rmaI  
r e s i s t a n c e s  J o i n i n g  t h e  e n d s  o f  t h e  c r y s t a l  t o  t h e  s i n k  ( c o p p e r  p o s t )  
were  l a r g e  a s  compared  t o  t h a t  o f  t h e  c r y s t a l  I t s e l f .  I t  was e s t i m a t e d
t h a t  t h e y  were  In t h e  r a t i o  o f  1000 t o  7 . I f  t h i s  I s  compared t o  an
e q u i v a l e n t  e l e c t r i c a l  c i r c u i t ,  t h e  c r y s t a l  w i t h  t h e  g r a d i e n t  o f  
t e m p e r a t u r e  a l o n g  I t ,  i s  e q u i v a l e n t  t o  a c e l l ,  and i t s  t e r m i n a l s  a r e  
g r ounde d  t h r o u g h  two l a r g e  r e s i s t a n c e s .  The e x t e r n a l  c u r r e n t  I s ,  
t h e r e f o r e ,  s mal l  and  t h e  d i f f e r e n c e  o f  p o t e n t i a l  m e as u re d  a c r o s s  t h e  
c e l l  w i l l  be c l o s e  from t h e  emf v a l u e .  S i m i l a r l y ,  t h e  t e m p e r a t u r e  
d i f f e r e n c e  m eas u r ed  a c r o s s  t h e  s ampl e  w i l l  be c l o s e  from t h e  P e l t i e r  
AT and  t h e  o u t s i d e  f l o w  o f  h e a t  c u r r e n t  c an  be c o n s i d e r e d  n e g l i g i b l e . .  
T h e r e f o r e ,
0 “  ” rta ) I 1 + ( ^ l l ^ l  “ ^ p i G p ) AII B * ' 2  (86)
0 -  “ *21 I | + + | A *







t h i s  c a n  be w r i t t e n  t e n s o r l a l l y ,  r e v e r t i n g  t o  t h e  d e n s i t y  o f  c u r r e n t :
0 -  (n -  itB) J  + *G (88)
o r  G »  * (89)
51
The q u a n t i t y  d e t e r m i n e d  e x p e r i m e n t a l l y  b e i n g  i t ' ,  defined by
G ■ n ' J  (SO)
I t  f o l l o w s  t h a t  t h e  r e l a t i o n  be twee n  n and **,  I s ;
n» -  X” • (n -  nB) ( s i )
o r  n ■ Xu* + ng (32)
o r  d e v e l o p e d  form;
- I  - I
* n  “  ^ " l l  ~ * B ^ l l  "  n2 l * 2 )
*21 "  *21*11 + ^*11 *B^X2I *
(93)
T h i s  means  t h a t  I f  one  c a l c u l a t e s  n d i r e c t l y  from t h e  e x p e r i m e n t a l  
by w r i t i n g  « -  X u ' ,  one  g e t s  In r e a l i t y
*1 I c a l c .  "  *1 I " *B
* 2 l c a l c .  "  "
( * » )
'21 *
Do t h e  Onsage r  r e l a t i o n s  s t i l l  a p p l y  t o  t h e  e x p e r i m e n t a l  q u a n t i t i e s  
n | |  and  In s p i t e  o f  t h e  I n t r o d u c t i o n  o f  a t e rm r e l a t e d  t o  t h e  c o p p e r  
l e a d s ?  Yes.  For  one  ha s  f o r  z i n c  ( r e c i p r o c a l  r e l a t i o n s ) ,
if -  Te (95)
and  f o r  c o p p e r
*8 “  T<B ( ^
(Copper  l e a d s  from t h e  same make have  been  u s ed  In b o t h  c l a s s e s  of
e x p e r i m e n t s . ) ,  h e n ce ,
n -  *B “  t ( € “ cg) (9?)
b u t  I t  was shown t h a t
* ' - ( « -  «B)X_1 (98)
£B]
t h e r e f o r e ,  one s t i l l  ha s
* '  -  T e ' .  (99)
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Not l e t  h e r e ,  a g a i n ,  t h a t  t h e  n n o t a t i o n  In a n a l o g y  t o  t h e  € 
n o t a t i o n  h a t  t h e  a d v a n t a g e  o f  I n t r o d u c i n g  t h e  a f f e c t  o f  c o p pe r  a s  a 
s i m p l e  a d d i t i v e  t e rm.
Note:  I t  Mas assumed t h a t  n^ c o n t a i n s  no d i a g o n a l  t e r m s .  That
t h e s e  t e rms  a r e  n e g l i g i b l e  can be s een  from t h e  f a c t  t h a t  t h e  the rmomete r  
a r e  a t t a c h e d  t o  t h e  c r y s t a l  a t  p o i n t s  t h a t  a r e  f a r  from t h e  Cu-Zn 
j u n c t i o n ,  a n d ,  t h e r e f o r e ,  any end e f f e c t  due t o  t h e s e  o f f - d i a g o n a l  
t e rms  w i l l  be n e g l i g i b l e .
The r e l a t i o n s h i p  be tween  n" and n '  Is  a g a i n  o b t a i n e d  by t he  use  
o f  t h e  g e n e r a l  r e s u l t  n" ■ an .  S i n c e  n was d e t e r m i n e d  In t he  
e x p e r i m e n t a l  s e t  up a s  b e i n g
n m "Xn* +■ rtg
one has
n"  m aXx* + tjrtg. ( 100.)
CHAPTER IV
EXPERIMENTAL RESULTS AND THEIR INTERPRETATION
The b a s i c  a im o f  t h i s  work was t o  s e e k  an  answer  t o  t h e  f o l l o w i n g  
q u e s t i o n s .
Whether  t he  t e m p e r a t u r e  g r a d i e n t s  a s s o c i a t e d  w i t h  thermomagnet  Ic 
and g a l v a n o m a g n e t l c  e f f e c t s  e x h i b i t  de Haas -van  A l p h e n - t y p e  o s c i l l a t i o n s .
Whether  t he  Wiedemann-Franz  law h o l d s  f o r  t r a n s v e r s e  a s  w e l l  a s  
l o n g i t u d i n a l  phenomena,  In a t r a n s v e r s e  m a g ne t i c  f i e l d }  and t he  s t u d y  
o f  t h e  r e l a t e d  Lorenz r a t i o  a s  a f u n c t i o n  o f  t he  m a g ne t i c  f i e l d  
s t r e n g t h .
Whether  O n s a g e r ' s  r e c i p r o c a l  r e l a t i o n s  ho l d  unde r  t he  e x t r e m e  
c o n d i t i o n s  of  v e r y  low t e m p e r a t u r e s  and  quantum b e h a v i o r  (de Haas-  
van A l p h e n - t y p e  o s c i l l a t i o n s ) .  In t h i s  r e s p e c t ,  i t  I s  w or t h  p o i n t i n g  
o u t  t h a t  t h e  Onsager  theorem I s  d e r i v e d  from f i r s t  p r i n c i p l e s  and i s  
mode 1- 1ndependen t .
T e n t a t i v e l y ,  a c omp ar i so n  w i t h  some t h e o r e t i c a l  model s  w i l l  a l s o  
be a t t e m p t e d .
1. The R l q h l - L e d u c  and Thermal  Maqne t o r e s  I s t a n c e  C o e f f i c i e n t s  In Zinc
Note:  In t h i s  c h a p t e r ,  f o r  t h e  s ak e  of  s i m p l i c i t y ,  t he  l e t t e r  K
w i l l  be  u s ed  t o  d e s i g n a t e  t he rma l  r e s i s t i v i t y .  Thi s  r e p l a c e s  t he
w J
for mer  n o t a t i o n  X .
The l o n g i t u d i n a l  phenomena h a v i n g  been  a l r e a d y  I n v e s t i g a t e d  
by P. B. A l e r s ,  Phys .  Rev. 101. 41 (1956) .
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1*1* The R I g h l - L e d u c  R e s i s t i v i t y  K ^ . The R I g h l - L e d u c  r e s i s t i v i t y ,
I . e . ,  t h e  t r a n s v e r s e  t h e r m a l  r e s i s t i v i t y  In a t r a n s v e r s e  m a g n e t i c  f i e l d
I s  c h a r a c t e r i z e d  by t h e  c o e f f i c i e n t  K,^ ■ G^/Wj and  I t s  e x p e r i m e n t a l
b e h a v i o r  I s  p l o t t e d  In Fig .  8 . The a v e r a g e  t e m p e r a t u r e  of  t he
c r y s t a l  was l . S 8 °K.
In t h e  same f i g u r e ,  r e s u l t s  o f  t he  Ha l l  e f f e c t  me as u r e me n t s
E2*c h a r a c t e r i z e d  by t h e  c o e f f i c i e n t  p 01 ■ , have been  r e p r e s e n t e d .21 J j
The c r y s t a l  was In c o n t a c t  w i t h  t h e  He II b a t h  a t  2°K,  I . e .  t he  Ha l l
me as ur emen t  was made u nd e r  I s o t h e r m a l  c o n d i t i o n s .  The two s c a l e s  used
In F i g .  8  we re  a d j u s t e d  i n  a r a t i o  e q u a l  t o  L T, where  L Is  t h e  free-*n n
e l e c t r o n  v a l u e  o f  t h e  Lorenz  r a t i o  t o  f a c i l i t a t e  t he  c o m p a r i s o n  on t he
b a s t s  of  t h e  Wi edemann-Franz  law.
De Ha as - va n  A l p h e n - t y p e  o s c i l l a t i o n s  were  found In t he  R I g h l - L e d u c  
e f f e c t ,  s u p e r i m p o s e d  on a smooth  v a r i a t i o n .  The R I g h l - L e d u c  c o e f f i c i e n t  
I s  p o s i t i v e  f o r  H <  5580 g a u s s  and  n e g a t i v e  f o r  l a r g e r  v a l u e s  of  t he  
f i e l d .  The o s c i l l a t i o n s  In t h e  two e f f e c t s  a r e  c l o s e l y  In p h a s e  and
_ CL _ ]
t he  p e r i o d  a s  m eas u r ed  a l r e a d y  by B er g e r o n  Is  f  -  6 . 1*4 x 10 g a us s  
O t h e r  me a s u re me n t s  were  t a k e n  a t  h i g h e r  t e m p e r a t u r e s ,  namely a t
4 . 2 ° K  and 3 - l 6 °K. The s e n s i t i v i t y  o f  t he  t h e r m o m e t e r s  was po o r  a t
t h e s e  t e m p e r a t u r e s .  The r e s u l t s ,  a s  compared  w i t h  t h o s e  a t  2°K, 
i n d i c a t e d  q u a l i t a t i v e l y  t h a t  t he  t h e r m a l  r e s i s t i v i t y  v a r i e d  a s  1/T.
S i n c e  p r e v i o u s  me as u r e me n t s  In t h i s  l a b o r a t o r y  had shown t h a t  t h e  
e l e c t r i c a l  r e s i s t i v i t y  was i n d e p e n d e n t  o f  t h e  t e m p e r a t u r e  in t h i s  r a n g e ,  
t h i s  a g r e e s  w i t h  wha t  one  would  e x p e c t  from t h e  a p p l i c a t i o n  of t h e  
Wi edemann-Franz  law.
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r e p r e s e n t e d  In F i g .  9> w i t h  t h e  p l o t  o f  t h e  e l e c t r i c a l  m a g n e t o r e s  I s t a n c e
P 11 "  1 1 CH) " P j  A ( ° )  a l o n g s i d e .
I f  t h e  V Ie dem an n- F ra nz  law h o l d s  a t  t h e s e  low t e m p e r a t u r e s  and In 
p r e s e n c e  of  t h e  m a g n e t i c  f i e l d ,  t h e n  t h e  change  In t h e r m a l  r e s i s t i v i t y  
s h o u l d  be  e q u a l ,  a p a r t  f rom a c o n s t a n t  f a c t o r ,  t o  t h e  change  In e l e c t r i c a l  
r e s i s t l v l t y :
» n < H> d (o) » n < " >  -  L T
KU (H) K(0) Kn (H) -  K(0 ) V
P l o t t e d  In F i g .  9 a r e  and  w i t h  t h e  s c a l e s  a d j u s t e d  in t h e
r a t i o  LnT. I t  c an  be s e e n  t h a t  t h e  Wiedemann-Franz  law I s  o be ved ,  g r o s s o
modo,  o v e r  t h e  e n t i r e  r a ng e  of  t h e  m a g n e t i c  f i e l d  H. The f i n e r  d e t a i l s
of  t h i s  c o m p a r i s o n  w i l l  be s e e n  In F i g .  10, where  t h e  p o i n t  by p o i n t
^**11c o m p u t a t i o n  o f  L|  "  been  p l o t t e d .
2. The Lor enz  R a t i o
The Lorenz  r a t i o  I s  d e f i n e d  a s  L ■ — , where  X and  o a r e  t h e  t h e r m a l
< J T
and  e l e c t r i c a l  c o n d u c t i v i t i e s  r e s p e c t i v e l y .  The Wiedemann-Franz  law 
s t a t e s  t h a t  L s h o u l d  be a  u n i v e r s a l  c o n s t a n t
l „  -  j V  -  2 . - 5  k 10 -8 ( £ i i ) 2
i t  w i l l  be r e c a l l e d  t h a t  a  va 1 1d m e as ur eme n t  of  X ^ ( 0 ) ,  t h e  r e s i d u a l
t h e r m a l  r e s i s t i v i t y ,  was I m p o s s i b l e .  Th i s  q u a n t i t y  w i l l  be d e t e r m i n e d
s t a r t i n g  from t h e  r e s i d u a l  e l e c t r i c a l  r e s i s t i v i t y  p j j ( O ) ,  once  t he
v a l i d i t y  o f  t he  Wi edemann-Franz  law has  been  e x p e r i m e n t a l l y  e s t a b l i s h e d .
2 - 1 .  The L o n g i t u d i n a l  A p p a r en t  Lorenz  r a t i o  L| .  R e p r e s e n t e d  In F i g .  10
a r e  t h e  l o n g i t u d i n a l  a p p a r e n t  Lorenz  r a t i o  Lj
, P U (H) - p u (0)
L1 T Kn (H) -  Ku (0)  T A K n
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where  T « 1.98°K.
The p l o t  o f  L | ,  F i g .  10,  shows t h e  f o l l o w i n g  f e a t u r e s :  At
r e l a t i v e l y  low f i e l d s  I . e .  f o r  H be t ween  1 . 6  and 3 . 4  k l l o g a u s s ,  L|  has
v a l u e s  l a r g e r  t ha n  L^ by a b o u t  3S6 . Wi th  I n v r e a s l n g  m a g n e t i c  f i e l d ,
t h e r e  I s  a n  o v e r a l l  mono tonous  d e c r e a s e ^  f i n a l l y  f o r  v a l u e s  o f  the
f i e l d  l a r g e r  t h a n  6 k I l o g a u s s  L|  I s  a p p r o x i m a t e l y  c o n s t a n t  w i t h  an
a v e r a g e  v a l u e  o f  2 . 3 5  x 10 ^  j <e  ̂ 0 . 9 6  L .
oeg n
I t  mus t  be n o t e d  t h a t  t h e  p r e c i s i o n  o f  t he  m e a s u r e m e n t s ^  i s  b e t t e r  
t h e  h i g h e r  t h e  m a g n e t i c  f i e l d :  The e f f e c t s  m eas u r ed  a s  w e l l  a s  t he
a m p l i t u d e  o f  t h e  o s c i l l a t i o n s  become l a r g e r  when t he  f i e l d  I n c r e a s e s .
The c o n s t a n c y  o f  t h e  Lorenz r a t i o  f o r  f i e l d s  h i g h e r  t h a n  6 k l l o g a u s s  
I s  c o n s e q u e n t l y  a r e s u l t  w i t h  a v e r y  lew m a r g i n  of e r r o r .
Thes e  r e s u l t s  a r e  In c o m p l e t e  d i s a g r e e m e n t  w i t h  t h o s e  found by 
14A l e r s  In z i n c .
2 - 2 .  The T r a n s v e r s e  A p p a r e n t  Lorenz  R a t i o . T h i s  q u a n t i t y
5 . 8  k I l o g a u s s  were  n o t  p l o t t e d ,  b e c a u s e  In  t h a t  r e g i o n  b o t h  R I g h l -  
Leduc and  H a l l  e f f e c t s  change  s i g n .  The v a l u e s  o f  p ^ j  *nd a r e ,  
t h e r e f o r e ,  c l o s e  t o  z e r o .  The e x p e r i m e n t a l  e r r o r s  become r e l a t i v e l y  
v e r y  l a r g e  and t he  r a t i o  o< t h e  two c o e t f l c l e n t s  l o s e s  a l l  s I g n i t i c a n c e .
The g e n e r a l  b e h a v i o r  of  L^ Is s t r i k i n g l y  s i m i l a r  t o  t h a t  of  Lj .
The mos t  I m p o r t a n t  f e a t u r e s  a r e  the  c o n s t a n c y  of t he  v a l u e s  o f  L^ f o r
13' 'See Appendix  I.















m a g n e t i c  f i e l d  v a l u e s  l a r g e r  t ha n  6 . 5  k I l o g a u s s , and t h e  e q u a l i t y  of
t h e  c o n s t a n t  v a l u e s  t o  which  b o t h  Lj and t e n d  a t  h i gh  f i e l d .
I t  must  be  b o r n e  in mind t h a t  t h e s e  two r a t i o s  a r e  computed from 
two c o m p l e t e l y  d i f f e r e n t  g r oups  of  e x p e r i m e n t s ,  and t h i s  l e nd s  f u r t h e r  
c r e d e n c e  t o  our  r e s u l t s .  En resum*,  we may c o n c l u d e :  (1) b o t h
t r a n s v e r s e  and l o n g i t u d i n a l  phenomena,  In p r e s e n c e  o f  a m a g n e t i c  f i e l d  
and  q u a n t i z e d  o s c i l l a t o r y  b e h a v i o r ,  y i e l d  t he  same Lorenz r a t i o ,  f o r
f i e l d s  l a r g e r  t ha n  6 k l l o g a u s s ,  a t  2°K. (2) Th i s  common v a l u e  s t a y s
2
c o n s t a n t  and e q u a l  t o  2 . 3 5  * 10 ^ d e g ^  * when t h e  m a g n e t i c  f i e l d  
I n c r e a s e s  from 6  t o  I1* kl l o g a u s s .
2r^,. The L a t t i c e  C o n d u c t i v i t y . The f a c t  t h a t  t h e  v a l u e s  o f  L^ a r e  c l o s e
from t h e  f r e e - e l e c t r o n  v a l u e  I n d i c a t e s  a p r i o r i  t h a t  t he  l a t t i c e  con­
d u c t i v i t y  X^ z i n c  a t  2°K i s  v e r y  s m a l l  compared t o  t he  e l e c t r o n i c  
c o n d u c t i v i t y  X . A d e t e r m i n a t i o n  of  t he  l a t t i c e  c o n d u c t i v i t y  can  be 
a t t e m p t e d  by w r i t i n g  f o r  t h e  t o t a l  c o n d u c t i v i t y  X -  X^ + X^ where  X^ i s  
assumed t o  be u n a f f e c t e d  by t he  m a g n e t i c  f i e l d .  I f  X^ obeys  t he  law 
o f  Wiedemann-Franz ,  X(H) ■ o(H)T L# + X^, where  a I s  t he  e l e c t r i c a l
c o n d u c t i v i t y  and L# t h e  Lorenz number f o r  t he  e l e c t r o n i c  c o n d u c t i v i t y
which  may d i f f e r  from t h e  normal  v a l u e  L .n
Let  us assume t h a t  L^ I s  unchanged by t he  m a g n e t i c  f i e l d .  Then a 
p l o t  X(H) v e r s u s  ff(H) i s  a s t r a i g h t  l i n e  whose I n t e r s e c t i o n  w i t h  the  
v e r t i c a l  a x i s  g i v e s  X^. No a s s u m p t i o n  Is  made a b o u t  t he  b e h a v i o r  of
a In v e r y  l a r g e  f i e l d s .  Th i s  method ( s ee  F i g .  11) g i v e s  a v a l u e
Xg ■ 0 . 0 2  w a t t / d e g - c m  a t  2°K. The i m p r e c i s i o n  of  t h e  r e s u l t  I s  due t o
t he  l a c k  o f  h i g h  f i e l d  v a l u e s ,  which  make t he  e x t r a p o l a t l o n  r a t h e r
1*3 ^
u n c e r t a i n .  A l e r s  f i n d s  by t he  same method X -  0 . 5  b u t  i t  T *  3 . 5°K.
9
15P.B.  A l e r s ,  o p . c l t .
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I t  can  be n o t e d  h e r e  t h a t  I f  t h e  a s s u m p t i o n  I s  made t h a t  In a p e r f e c t
l a t t i c e  t h e  phonons  behave  l i k e  a  f r e e - p a r t I c l e  g a s ,  t h i s  would y i e l d
an u ppe r  l i m i t  v a l u e  o f  X . For In t h i s  c a s e ,  one can wri te***
9
X “  t  C A where  C Is  t h e  h e a t  c a p a c i t y  o f  t he  l a t t i c e  waves o r  g 3 v o  v r
phonons ,  u t h e  v e l o c i t y  of  sound and A t he  mean f r e e  p a t h  o f  t he  phonons .
At s u f f i c i e n t l y  low t e m p e r a t u r e s ,  t h e  e f f e c t  o f  t h e  g r a i n  bounda ry  Is
p r e d o m i n a n t  and  we t h e n  have X w C u A where  A Is  t h e  s m a l l e s tg 3 v o  b b
d i me n s i o n  o f  t h e  s amp l e .  Wi th  t he  f o l l o w i n g  n u me r i c a l  v a l u e s :
A k  «  3 x 10 ^  cm and C^ -  12/5 n* Mk w i t h  8  — 308  f o r  z i n c  a t  low
5 <t e m p e r a t u r e s  and uq ^  3 * 10 c m/ sec  we f i n d  X^ ■ 0 . 6  w a t t / d e g - c m  f o r
T ■ 2°K. I t  s h o u l d  be n o t e d  t h a t  In t h i s  e x p r e s s i o n  t he  o n l y  t e m p e r a t u r e
d e p e n d e n t  t e rm I s  C, t h e  h e a t  c a p a c i t y ,  which v a r i e s  a s  T~ a t  low
3
t e m p e r a t u r e s .  Assuming t h i s  T dependence  t o  be v a l i d ,  one would 
deduce  from A l e r s 1 r e s u l t  a t  3*5°K,  t he  v a l u e  of  X^ a t  2°K. One f i n d s
X ■ O.Oy w a t t / d e g - c m ,  which  Is  o f  t h e  same o r d e r  t han  o u r  r e s u l t .
9
A n a l y s i s  In t h e  L i g h t  of  t he  Wl l s on -S o n d h e lme r  T h e o r y} 7 I t  1s 
we l l - known  t h a t  a  model  b a s e d  on a s i n g l e  c o n d u c t i o n  band o f  normal  
form l e a d s  t o  v a n i s h i n g  m a gn e t o r e s  I s t a n c e  In f i r s t  a p p r o x l m a t I  on.  The 
t wo-band model  d e v l o p e d  by Wi l son  and Sondhelmer  Is  g e n e r a l l y  used  t o  
I n t e r p r e t  t he  e x p e r i m e n t a l  r e s u l t s .  I t  c o n s i s t s  of  two o v e r l a p p i n g  
b an d s ,  t he  s and d b a n ds ,  and nj  Is  t o  be u n d e r s t o o d  a s  t he  number of 
s e l e c t r o n s  w h i l e  n^  Is  t he  number of  v a c a n t  d l e v e l s .
16
C. K i t t e l ,  Sol  Id S t a t e  P h v s I c s . John Wi ley  and Sons ,  Mew York,  
2nd e d i t i o n  (1956) P* 1^3*
17A. H. Wl I s o n ,  Theory o f  M e t a l s . Cambridge U n i v e r s i t y  P r e s s ,  
Cambridge < 1953) 2nd e d i t i o n .
P a r t i a l  e l e c t r i c  c o n d u c t i v i t i e s  a0i* a0^  t h e r m a l  c o n d u c t i v i t i e s
X . and  X _ a r e  a t t a c h e d  t o  t h e  c a r r i e r s  In band 1 and  2 ,  w i t h  z e r o  o l  o2
m a g n e t i c  f i e l d .
17From t h e  f o r m u la e  d e r i v e d  by W i lso n  f o r  t h e  r e l a t i v e  ch an g e  in
e l e c t r i c a l  r e s i s t i v i t y  A p /p Q and  t h e r m a l  r e s i s t i v i t y  AK/K , one can
^^0 1ded u ce  t h e  e x p r e s s i o n  f o r  a p p a r e n t  Lorenz  number —.
The I m p o r t a n t  q u e s t i o n  t s  t h e  b e h a v i o r  o f  t h e  Lorenz  number a t  t h e  
l i m i t s  o f  z e r o  m a g n e t i c  f i e l d  and  I n f i n i t e l y  l a r g e  m a g n e t i c  f i e l d .  The
t w o - b a n d  m o d e l  p r e d i c t s  t h a t ,  i f  L q  I s  t h e  z e r o - f i e l d  l i m i t  o f  t h e
17c o n d u c t l  v l  t i e s  r a t i o  t h e n  two c a s e s  can o c c u r  (Wl l s o i \  peg* 3 1 9 ) :  (e)
-  n^ .  When th e  m a g n e t i c  f i e l d  I n c r e a s e s  from 0 t o  l a r g e  v a l u e s ,  L
P
I n c r e a s e s  s t e a d i l y  from LQ t o  L^ /Lq.  (b) n j  ^  n2 » Then L p a s s e s  
t h r o u g h  a  maximum a s  H i s  I n c r e a s e d  and f i n a l l y  t e n d s  t o  L q  a g a i n .
2 - 4 . 1 .  L im i t  f o r  H T en d in g  t o  Z e r o .  By c o m b in in g  t h e  e x p r e s s i o n s  f o r  
A p /p ^  and  AK/Kq,  we o b t a i n  a t  t h e  l i m i t  o f  H t e n d i n g  t o  z e r o :
(I ° i  .  f o 2 ) Z , ° o i  ° 0 8
. .  . Cso *0  . .  L1 . 1  " 2  <9 01 ♦ ° 02>l i m i t  —  ■ 1 i m , ■ L T v \  .....T ' ' " * —
°0  L0 n , 01 . 02\ 01 02
t k — m 2n l 2 ' 0 1  0 2
We have now t o  make an  a s s u m p t i o n  b o rn e  o u t  by an  i m p o r t a n t  f e a t u r e  o f  
o u r  r e s u l t s .  As shown in  F ig .  8 ,  b o t h  th e  R I g h l -L e d u c  t h e r m a l  r e s i s ­
t i v i t y  and t h e  H a l l  r e s i s t i v i t y  change  s i g n  a t  e x a c t l y  t h e  same v a l u e  
o f  t h e  m a g n e t i c  f i e l d ,  HQ -  5 .5 8  k l l o g a u s s .  In t h e  h y p o t h e s i s  o f  a
tw o-band  m o d e l ,  t h i s  would  mean a «  o ,  + cr »• 0 and  X »  X, + X„ ■ 0 ,'  1 2  1 2 *
f o r  H ■ Hq . I f  one a ssu m es  a c h a r a c t e r i s t i c  Lorenz  number a t t a c h e d  to
17A. H. Wl I s o n ,  T heory  o f  M e t a 1s . same a s  on page  6 2.
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e a c h  band  “  ^ ^ l ° l  an<* ^ 2  “  ^*"2°  2  t *>en t ^e  ■8 ° v® s y s t e m  I s  c o m p a t i b l e
o n l y  I f  Lg ■ Lj when H ■ HQ. I t  I s  r e a s o n a b l e  t o  assume t h a t  t h i s  
e q u a l i t y  I s  a l s o  v a l i d  f o r  o t h e r  v a l u e s  o f  t h e  f i e l d  I n c l u d i n g  H »  0.  
The r e  f o r e ,
ia i  _ ^22 .  x° ‘ * xog .  , T
°01  0O2 °01 + °02  °
I t  f o l l o w s  t h a t  f o r  H t e n d i n g  t o  z e r o :
L1 Ln 2  2l i m i t  1— ■ (t^1) , I . e .  l tm  L -  L / \ .  ,
0 0 1 n 0
The l a t t i c e  c o n d u c t i v i t y  b e i n g  n e g l i g i b l e  a t  z e r o  f i e l d  r e l a t i v e
t o  t h e  e l e c t r o n i c  c o n d u c t i v i t y ,  no  c o r r e c t i o n  I s  t o  be made t o  th e
v a l u e s  o f  L j ,  f o r  s m a l l  f i e l d s .
The e x t r a p o l a t i o n  o f  Lj t o  z e r o  f i e l d ,  in  F ig .  10, g i v e s
lim Lj ■ 2 . 5 8  * 10 8 (d e g ^ ^  L^, I . e .  a v a l u e  l a r g e r  t h a n  Ln by
5 % .  I t  m us t  be s t r e s s e d  h e r e  t h a t  t h i s  l i m i t  I s  a d i f f e r e n t  q u a n t i t y
th a n  Lq . For LQ c o r r e s p o n d s  t o  t h e  r e s i d u a l  c o n d u c t i v i t i e s  w h i l e  Lj
was com puted  from t h e  f i e l d - d e p e n d e n t  p a r t  o f  t h e  r e s i s t i v i t i e s .
Com par ison  o f  t h l s ^ e x t r a p o l a t e d  l i m i t  w i t h  t h e  t h e o r e t i c a l  one
y i e l d s :  l im L, -  t -2  -  1 .05  L
1 Lq n
1 n „   ̂ 1n- 8  / v o l t v 2
L0 ’  1 .05  “  deg *
As was a l r e a d y  p o i n t e d  o u t  on page  35 th e  l a c k  of p r e c i s i o n  In  the
m e asu re m e n t  o f  Kq was su ch  t h a t  a v a l i d  d i r e c t  d e t e r m i n a t i o n  of  t h i s
14q u a n t i t y  and  c o n s e q u e n t l y  of Lq was I m p o s s i b l e .  A l e r s  h a s  t r i e d  t o
-8d e t e r m i n e  I t  and  f i n d s  Lq *  1 . 3 2  x 10 . He must have  e n c o u n t e r e d  th e
same d i f f i c u l t y  s i n c e  he n o t e s  t h a t  h i s  r e s u l t  i s  " a l m o s t  c e r t a i n l y  In 
e r r o r . "  Our v a l u e  o f  Lq i s  t o  be u sed  w i t h  t h e  v a l u e  o f  Pq w h ich  Is
•  Q
d e t e r m i n e d  w i t h  s a t i s f y i n g  a c c u r a c y  a t  2° K: Pq -  4 . 0 5  x 10 ohm-cm. 
From t h i s ,  one f i n d s  Kq “  * 10 ^  c m -° K /w a t t  o r  In t e rm s  of
65
c o n d u c t i v i t i e s ,  a t  2°K: -  2 . 4 7  x 10® ohm *cm * and  »* 11. 3 6  w a t t / ° K -
I t  I s  I n s t r u c t i v e  t o  compare  t h i s  t o  A l e r s 1 v a l u e s  f o r  h i s  c r y s t a l
Q ^ 1 .  1
Zn VI,  a t  3*45°K: a o "  1*23 x 10 ohm cm ( A l e r s )  and  ■ 5*60 
w a t t - u n l t s  ( A l e r s ) .
2 - 4 . 2 .  L im i t  f o r  H Very L a r g e . In t h e  c a s e  H 4 0,  u n d e r  th e  same 
a s s u m p t i o n ,  namely:
*01 _ N)2 _ *01 * *02 _ L T 
°01 °02 a 01 + °02 0
one has
L. L2! 2  + d2 H2  
- L  B J 1
wl t h
L0 LqT2  + d2 H2
t \ 2 -k2
2  ( " l  ~ V  0 ) 02
2 2  2  2*2
n l 2  * ° 0
where  Xq ■ X^j + * 0 2 * ” * ' S t *ie c *var9e  o f  th e  e l e c t r o n  in  e l e c t r o s t a t i c
u n i t s ,  and c I s  t h e  v e l o c i t y  o f  l i g h t .  When H v a r i e s  from z e r o  t o  v e r y
g
l a r g e  f i e l d s ,  L, c h a n g e s  m o n o to n o u s ly  from L /L~ t o  Ln I f  n.  n_ ,  o r  
^ 2  f n u u 1 <r
t o  “  I 1 n.  ■ n0 . Our d a t a  t h e r e f o r e  p r o v e s  t h a t  f o r  z i n c ,  t h e  
L0
h y p o t h e s i s  n^ 4  n^  Is  t h e  c o r r e c t  o n e ,  when t h e  m a g n e t i c  f i e l d  i s
p a r a l l e l  t o  t h e  h e x a g o n a l  a x i s . I t  Is  w e l l  known t h a t  In t h e  c a s e
n l ^  n 2 '  t 1̂C ma9n e t o r e 5 ' s t a n c e  s h o u l d  show a t e n d e n c y  tow ards  s a t u r a t i o n .
The maximum v a l u e  ot  t h e  m a g n e t i c  f i e l d  I n t e n s i t y  u sed  In t h i s  work
( 1 4 .2 6  k l l o g a u s s )  i s  n o t  h i g h  e nough  t o  c h e c k  on t h i s  s a t u r a t i o n .  But 
18B o r o v i k ' s  work (Hmaxlmum -  25 k l l o g a u s s )  and A l e r s 1 work (Hmaxlmum 
-  60  k I l o g a u s s )  show c l e a r l y  t h i s  s a t u r a t i o n ,  f o r  t h i s  p a r t i c u l a r  
o r l e n t a t l o n .
cm.
18 E. S. B o r o v ik ,  S o v i e t  Phys .  JETP 243 ( 1 9 5 6 ) ,  t r a n s .  from 
Z h u r .  E k s p t l .  1 T e o r e t .  F i x .  ^ 0 ,  2 62  (1 9 5 6 ) .
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C o r f c t l o n  due  t o  l a t t i c e  c o n d u c t i v i t y * I t  i s  f e l t  t h a t  s i n c e  t h e  
l a t t i c e  c o n d u c t i v i t y  X^ I s  or t h e  o r d e r  o f  0 . 0 2  w e t t / c m - d e g ,  I . e .  l e s s  
t h a n  2 /1 0 0 0  o f  X^, t h e  c o r r e c t i o n  a t  0 f i e l d  i s  n e g l i g i b l e .  The 
c o r r e c t i o n  a t  h i g h  f i e l d  would  be more I m p o r t a n t  (a few p e r  c e n t )  b u t  
in  v ie w  o f  t h e  u n c e r t a i n t y  In t h e  v a l u e  o f  X , I t  was t h o u g h t  b e s t  
n o t  t o  t a k e  I t  I n t o  a c c o u n t .
3* The P e l t i e r  and E t t l n q s h a u s e n  C o e f f i c i e n t  i n  Z in c  
3~1. The r e s u l t s  a r e  shown In  F i g s .  12 and  13* The e x p e r i m e n t a l  
P e l t i e r  c o e f f i c i e n t  r t j j  “  *n d*9“ cm/ * mP> t*®* t h e  l o n g i t u d i n a l
g r a d i e n t  ot  t e m p e r a t u r e  p e r  u n i t  e l e c t r i c  c u r r e n t  d e n s i t y  i s  shown 
on F ig .  12. I t  p o s s e s s e s  a  s t r o n g  m o n o to n lc  I n c r e a s e  w i t h  t h e  m a g n e t i c  
f i e l d .  O s c i l l a t i o n s  o f  de H aas -v an  Alphen ty p e  a r e  s u p e r i m p o s e d  on t h e  
m o n o to n ic  v a r i a t i o n ,  w i t h  a p e r i o d  o f  6 . 2 6  x 10 g a u s s  ± 109o f o r  
th e  h i g h  f i e l d  r e g i o n  H >  k  k l l o g a u s s .  in a  v e r y  a n a l o g o u s  manner  
t o  t h e  b e h a v i o r  o f  t h e  t h e r m o e l e c t r i c  c o e f f i c i e n t  a p h a se
r e v e r s a l  o f  t h e  o s c i l l a t i o n s  f o r  H <  U k l l o g a u s s  i s  a p p a r e n t ,  th u s  
c o n f i r m i n g  t h i s  d i s c o v e r y  o f  B e r g e r o n  in  h i s  d i s s e r t a t i o n .  Due to  
t h e  s m a l l n e s s  o f  t h e  e f f e c t  a t  l o w - f i e l d  v a l u e s ,  no p r e c i s e  d e t e r ­
m i n a t i o n  o f  t h e  l o w - f t e l d  p e r i o d i c i t y  can  be a t t e m p t e d .  I f  two 
e n v e l o p e s  a r e  drawn t h r o u g h  th e  maxima and minima r e s p e c t i v e l y ,  ( t a k i n g  
i n t o  a c c o u n t  th e  p h a se  I n v e r s i o n  a t  low f i e l d s )  and t h e  m ed ian  p o i n t s  
o f  t h e  e n v e l o p e s  a r e  fo u n d ,  I t  a p p e a r s  t h a t  t h e y  l i e  on a  s t r a i g h t  
l i n e ,  w i t h  a s l o p e  o f  -3-2*+ d e g -c m /am p /k l  l o g a u s s  I n d i c a t i n g  a l i n e a r  
I n c r e a s e  In a b s o l u t e  v a l u e  o f  t h e  a v e r a g e  o f  n j j  w i t h  I n c r e a s i n g  
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Fi g .  12. A P l o t  o f  t h e  Measured T h e r m o e l e c t r i c  Power of  Zinc  t | i  
( M u l t i p l i e d  by T) Compared t o  t he  P l o t  o f  t he  Measured 








Fig.  A P l o t  or t he  Measured N e r n * t - E t t i n g s h a u s e n  C o e f f i c i e n t  €^|
( M u l t i p l i e d  by T) Compared t o  the  P l o t  of  the  c
E t t i n g s h a u s e n  C o e f f i c i e n t  -^]*
Choo
3 - 2 .  The e x p e r i m e n t a l  E t t l  n g s h a u s e n  c o e f f i c i e n t  ■ G ^ / J i ,  l . e  
t h e  t r a n s v e r s e  g r a d i e n t  o f  t e m p e r a t u r e  p e r  u n i t  e l e c t r i c  c u r r e n t  d e n s i t y  
I s  shown In  F i g .  13* I t  i s  p u r e l y  o s c i l l a t o r y  w i t h  a s l i g h t  m o n o to n ic  
v a r i a t i o n  t h a t  I s  p r o b a b l y  due  t o  a  P e l t i e r  e f f e c t  p r o d u c e d  by a s l i g h t  
m i s a l i g n m e n t  o f  t h e  p r o b e s .  The p e r i o d  o f  t h e  main  o s c i l l a t i o n s  Is  
6 . 4 5  x  10"5 g a u s s - ' i  1096. The d o u b l e  peak  f e a t u r e ,  a l r e a d y  n o t e d  
by B e r g e r o n  In  o t h e r  t h e rm o m a g n e t i c  and  g a l v a n o m a g n e t l c  phenomena i s  
p r e s e n t .  I t  I s  a t t r i b u t e d  t o  t h e  e x i s t e n c e  o f  a s e c o n d  ha rm on ic  o f  
t h e  p r i n c i p a l  o s c i l l a t i o n .  The a m p l i t u d e  o f  t h e  o s c i l l a t i o n s  seem, in  
f i r s t  a p p r o x i m a t I  on ,  t o  I n c r e a s e  l i n e a r l y  w i t h  t h e  f i e l d .
3 - 3 * A n a l y s i s  I n t h e  l i g h t  o f  t h e  O nsage r  t h e o r e m . - - I t  was shown t h a t  
t h e  r e c i p r o c a l  r e l a t i o n s  o f  O n s a g e r ' s  t h e o r y  y i e l d  t h e  f o l l o w i n g  
r e l a t i o n s h i p s  b e tw een  t h e  e l e m e n t s  o f  t h e  P e l t i e r  and t h e r m o e l e c t r i c  
t e n s o r s :
M i  -  T e i i  
"21 -  T4 i
where  t h e  i t j j  and  e j j  a r e  th e  e x p e r i m e n t a l l y  m e asu re d  c o e f f i c i e n t  
i n c l u d i n g  I m p l i c i t l y  t h e  te rm due t o  t h e  p r e s e n c e  o f  t h e  c o p p e r  l e a d s .
F ig .  12 shows t h e  p l o t  o f  T c j j  * and t t j j  s i d e  by s i d e .  The c o r r e s p o n d i n g  
t e m p e r a t u r e  I s  T ■ 2 . 3^2°K. The a g r e e m e n t  w i t h  th e  O nsager  p r e d i c t i o n  
I s  S t r i k i n g ,  In  t h e  w ho le  f i e l d  r a n g e .  I t  I s  f e l t  t h a t  th e  d i s p l a c e m e n t  
t h a t  s e p a r a t e s  t h e  two c u r v e s  Is  due t o  some f o r t u i t o u s  e x p e r i m e n t a l  
e r r o r ,  p r o b a b l y  a v a r i a t i o n  o f  t h e  c r y s t a l  c u r r e n t  upon i t s  r e v e r s a l ,
* c j |  has  been  computed  from t h e  e x p e r i m e n t a l  d a t a  t a k e n  by 
C. J .  B e r g e r o n ,  u s i n g  t h e  same c r y s t a l .
d u r i n g  t h e  P e l t i e r  e f f e c t  m easu rem en t .  Much more s i g n i f i c a n t  t h a n  t h i s  
d i s c r e p a n c y  Is  t h e  f o l l o w i n g :  I f  t h e  a m p l i t u d e s  o f  c o r r e s p o n d i n g
o s c i l l a t i o n s  In t h e  two c u r v e s ,  a r e  com pared ,  one  f i n d s  t h a t  t h e y  a r e  
e q u a l  w i t h i n  b e t t e r  t h a n  ^9 b ,  w h ich  Is  o f  t h e  o r d e r  o f  t h e  e x p e r i m e n t a l  
e r r o r s .  F ig .  l j  shows th e  p l o t  of  end s i d e  by s i d e .  The
c o r r e s p o n d i n g  t e m p e r a t u r e  i s  T -  2 . 987°K. The a g r e e m e n t  w i t h  t h e  
Onsage r  p r e d i c t i o n  i s  s t i l l  c l o s e r  t h a n  In t h e  l o n g i t u d i n a l  c o e f f i c i e n t s .  
The s l i g h t  d i s p l a c e m e n t  b e tw een  th e  c u r v e s  I s  a g a i n  f e l t  t o  be due to  
f o r t u i t o u s  s o u r c e s  o f  e r r o r .  A s l i g h t  e r r o r  made on t h e  z e r o  l i n e  of 
f ° r exam ple  would e x p l a i n  t h e  d i s c r e p a n c y .  The s i z e  of t h e  
r e s p e c t i v e  o s c i l l a t i o n s  compare  a t  b e t t e r  t h a n  lSb .  I t  c an  b e ,  t h e r e ­
f o r e ,  s t a t e d  t h a t  O n s a g e r ' s  r e l a t i o n s  a r e  v a l i d  u n d e r  t h e  e x t r e m e  
c o n d i t i o n s  o f  l i q u i d  h e l iu m  t e m p e r a t u r e ,  and quantum o s c i l l a t i o n s ,  in 
p r e s e n c e  o f  an  e x t e r n a l  m a g n e t i c  f i e l d .  These  r e s u l t s  b r i n g  f u r t h e r  
c r e d e n c e  t o  t h e  a p p l i c a t i o n  o f  O n s a g e r ' s  t h e o r y  a s  a t o o l  f o r  a n a l y z i n g  
c o m p l i c a t e d  Fermi s u r f a c e s  In m e t a l s . ^
E x p e r i m e n t a l  d e t e r m i n a t i o n  o f  € | j ( 0 ) e x p  and n j j ( 0 ) e x p  
I t  was p o i n t e d  o u t  in  t h e  a n a l y s i s  o f  t h e  e x p e r i m e n t a l  p r o c e d u r e  
t h a t  t e rm s  eg and ng due t o  t h e  p r e s e n c e  of  t h e  c o p p e r  l e a d s  was 
i m p l i c i t l y  c o n t a i n e d  In t h e  e x p e r i m e n t a l  q u a n t i t i e s  e j j  and n | j ,  I . e .  
th e  m easu rem en t  gave  ( c j j  “ i -  l eg )  and ( n j j  -  Aj j  - Ing)*
In t h e  m easu rem en t  o f  t h e  r e s i d u a l  v a l u e s  ( a t  z e r o  f i e l d )  o f  t h e s e  
q u a n t i t i e s ,  a  l a r g e  f a c t o r  o f  i m p r e c i s i o n  Is  i n v o l v e d ,  b o t h  b e c a u s e  o f
19
B. Lax, Rev. o f  Modern Rhys.  -jO. 122 (1 9 5 8 ) .
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t h e  s m a l l n e s s  o f  t h e s e  r e s i d u a l  e f f e c t s  and  b e c a u s e  o f  t h e  r i s e  In 
t e m p e r a t u r e  t h a t  t h e  c r y s t a l  u n d e r g o e s  when e i t h e r  t h e  h e a t  c u r r e n t  o r  
t h e  e l e c t r i c  c u r r e n t  a r e  t u r n e d  on .
The m e asu re m e n ts  gave  t h e  f o l l o w i n g  r e s u l t s :
€j 1 (° )  -  X q - ' ^ c o )  -  - 3 .9  X 1 0 ' 8 
r t | ] ( 0 )  -  Aq 'rtg(O) * +8 .3  x 10-7  
w hich  a r e  t o  be  c o n s i d e r e d  a s  v e r y  I m p r e c i s e .  The c o m p a r i so n  in  t h e
l i g h t  o f  t h e  r e c i p r o c a l  r e l a t i o n  I n v o l v e s  t h e n
T€j , (0)  -  - |  x i o-7 
n j ^ O )  « 8 . 3  x IO"7
In t h e  c a s e  o f  eg ,  an  a p p r o x i m a t e  v a l u e  can  be found  in  t h e  p a p e r
20o f  B l a t t  and  K r o p s h o t .  T h e i r  d a t a  I n d i c a t e s  an  e x t r o p o l a t e d  v a l u e  
f o r  " p u r e "  c o p p e r
€ g (0) -  0 . 6  x 10“6 v o l t / d e g
and we f i n d
-1
Aq -  7 .6  x 10 ^ w a t t / d e g - c m
T h i s  y i e l d s ,  t h e r e f o r e ,  c | ] ( 0 )  S' 0 . 7  x 10 f a v a l u e  t o  be c o n s i d e r e d
a s  g i v i n g  o n l y  t h e  o r d e r  o f  m a g n i t u d e .
R e f e r r i n g  t o  t h e  l a c k  o f  p r e c i s i o n  o f  t h e  q u a n t i t i e s  d e t e r m i n e d  
a b o v e ,  I t  can  be u n d e r s t o o d  t h a t  t h e  e x p e r i m e n t a l  m e asu re m e n ts  were  
r e f e r r e d  t o  a z e r o  l i n e  c o r r e s p o n d i n g  t o  z e r o  f i e l d  and  e i t h e r  h e a t  
c u r r e n t  o r  e l e c t r i c  c u r r e n t  t u r n e d  on .  As a c o n s e q u e n c e ,  t h e  v a l u e s  
c |  l exp  an<* * ' | ] « Xp P i t t e d  In f i g .  12 a r e  in  f a c t  e q u a l  t o :
J .  B l a t t  and R. H. K ropsho t ,  Phys. Rev. 118. *+80 ( i 9 6 0 ) .
c l I exp  “  e i l  ■ x n ' ' £B ■ ' Ei | l ° )  ■ x o l e B*0 ^
" i l e x p  -  " i l  ■ * n ' ' " B  -  <” l l <0) -  V%<°>>
In t h e  c a s e  o f  t h e  t r a n s v e r s e  e f f e c t s ,  t h e  e x p e r i m e n t a l  c u r v e s ,
F ig .  13* c o r r e s p o n d  t o  t h e  t h e o r e t i c a l  v a l u e  In a s i m p l e r  way s i n c e  i t
I s  a ssum ed  t h a t  b o t h  (0) and  €^j ( ° )  * r e  n u l l :
€2 l e x p  “  €2l ‘  *21 €B
n2 le x p  “ n2l  " *21 '"B*
I t  s h o u l d  be p o i n t e d  o u t  t h a t  I f  t h e  r e c i p r o c a l  r e l a t i o n s  a p p l y
a s  w e l l  t o  z e r o  f i e l d  v a l u e s  a s  t o  v a l u e s  w i t h  f i e l d ,  b o t h  In Cu and Zn,
th e n  t h e  r e l a t i o n
v' 1 l exp  * I lexp  
n2 l e x p  “ Tc? l e x p
i s  s t i l l  v a l I d .
3-**. A n a l y s i s  In t h e  L i g h t  o f  2 I I 1 b a r m a n ' s  T h e o ry ? ^ -
3 - 4 . 1 .  I t  was found u s e f u l  t o  compute  from t h e  e x p e r i m e n t a l  d a t a  t h e  
c o e f f i c i e n t s  e1̂  and  I t  w i l l  be r e c a l l e d  t h a t  t h e y  a r e  d e f i n e d
by t h e  s y s t e m  o f  k i n e t i c  e q u a t i o n s :
J -  #E* -  €"G 
w* « - n"E* + >"G
and  t h a t  t h e y  a r e  d i r e c t l y  p r o p o r t i o n a l  t o  t h e  number o f  c a r r i e r s ,  
whence t h e i r  im p o r t a n c e  In a t h e o r e t i c a l  t r e a t m e n t .  The r e s u l t s  a r e  
p l o t t e d  In F i g .  14. Some s t r i k i n g  f e a t u r e s  a r e  n o t i c e a b l e .
i s  p u r e l y  o s c i l l a t o r y  and  shows a  d e c r e a s e  o f  t h e  a m p l i t u d e  of 
t h e  o s c i l l a t i o n s ,  a t  l a r g e  f i e l d  (H >  6 K g a u s s ) .  T h i s  I s  r e m i n i s c e n t
21
G. E. Z l l ' b e r m a n ,  J .  E x p t l .  T h e o r e t .  Phys .  U .S . S . R .  2^ ,  762  
0 9 5 5 ) »  T r a n s l a t i o n ,  JETP 2 ,  650  (1 9 5 6 ) .
o f  t h e  b e h a v i o r  found by V e r k in  and  D m lt renko  In t h e  m a g n e t i c  
s u s c e p t i b i l i t y  In  z i n c .  The p e r i o d  I s  6 . 2 2  x  10"^ g a u s s ' *  f o r  t h e  
maxima and  6 .3 5  x  10" ^  g a u ss " *  f o r  t h e  m in im a ,  a t  ± 109b.
c'j'l shows a  m os t  i n t e n e s t l n g  b e h a v i o r .  The p h a s e  r e v e r s a l  
d i s c o v e r e d  by B e r g e r o n  In h t s  d i s s e r t a t i o n  In c{j h a s  d i s a p p e a r e d  h e r e .  
T h e re  I s  a  m o n o to n ic  d e c r e a s e  w i t h  t h e  f i e l d .  The I r r e g u l a r i t y  
a p p e a r i n g  In  b e tw een  t h e  m i d d l e  p e a k s  I s  f e l t  t o  be due t o  s l i g h t  
v a r i a t i o n s  b e tw een  t h e  e x p e r i m e n t a l  c o n d i t i o n s  o f  m e asu rem en ts  o f  th e  
d i f f e r e n t  q u a n t i t i e s  u sed  t o  compute  e | j >  In p a r t i c u l a r ,  t h e  c o m p u t a t i o n  
I n v o l v e s  t a n  , t h e r e f o r e  p ^ *  T h i s  l a s t  q u a n t i t y  I s  e x t r e m e l y  
d e p e n d e n t  on t h e  o r i e n t a t i o n  o f  t h e  c r y s t a l .  Hence,  a s l i g h t  v a r i a t i o n  
In t h e  o r i e n t a t i o n  d u r i n g  th e  m easu rem en t  o f  c j j  end c ^ |  e s  compared  
t o  t h a t  d u r i n g  would  show u n d e r  t h e  form o f  su ch  I r r e g u l a r i t i e s .
3 - 4 . 2 .  ZI I*barm an2 -̂  has  d e r i v e d  t h e  e x p r e s s i o n  o f  t h e  c o e f f i c i e n t  
a p p e a r i n g  In
J |  -  0 | )E *  -  c '^ G j
For t h e  one  band model he f i n d s :
2 2 3 / 2  
**\\ ■ k2T EQ + ^  pH -  EQ e 7 (1 - 7 ) s I n (9 - 5 )
u n d e r  t h e  a s s u m p t i o n  e 7 »  1 w i t h  7 m 2 r 2 k T / p H .
The sym bo ls  k ,  T, and p a r e  t h e  Bol tzm ann  c o n s t a n t ,  t h e  a b s o l u t e  
t e m p e r a t u r e ,  and  t h e  d o u b l e  e f f e c t i v e  Bohr m ag n e to  r e s p e c t i v e l y ,  and
^ B .  I .  V e rk in  and  I .  H. D m l t r en k o ,  I z v e s t l a  Acad. Nauk. U .S .S .R .  
5 2 /  409 0  9 5 5 ) -
23$ee  Appendix  2.
7**
where  Eq I s t h e  c h em ica l  p o t e n t i a l ,  t h e  Fermi e n e r g y  a s  m e asu re d  from t h e  
n e a r e s t  zone  b o u n d a ry .  To t a k e  I n t o  a c c o u n t  t h e  whole  r a n g e  o f  p o s s i b l e
1 '  7 coshy
s i  nh 7
With  t h e  c o n d i t i o n s  o f  h i g h  m a g n e t i c  f i e l d ,  and  low t e m p e r a t u r e s ,  one 
has  7 <  I ,  f o r  z i n c .  For y s m a l l ,  t h e  q u a n t i t y  ( I )  c an  be r e p l a c e d  by
T h i s  p r e d i c t s  a b e h a v i o r  o f  r e s i d u a l ,  monotonous  and  o s c i l l a t o r y  p a r t s  
v a r y i n g  p r o p o r t i o n a l l y  t o  T. The e x p e r i m e n t a l  f a c t s  show t h a t :
2 . The W iedem ann-Franz  law I s  v a l i d .
3 . The r e s i s t i v i t y  I s  t e m p e r a t u r e  I n d e p e n d e n t .
T h e r e f o r e ,  t h e  r e l a t i o n  c"  ■ o -  LnT e ' p “ 2 shows t h a t  t h e  e x p e r i m e n t a l  
e v i d e n c e  p o i n t s  t o  a  v a r i a t i o n  o f  c'j'j p r o p o r t i o n a l  t o  T, a n d ,  t h e r e f o r e ,  
a g r e e  w i t h  Z l l ' b e r m a n ' s  p r e d i c t i o n .  As f o r  t h e  a m p l i t u d e  o f  th e  
o s c i l l a t i o n s  In  c'i'j# i t  s h o u l d  d e c r e a s e  f o r  h ig h  f i e l d  a s  l /H .  I t  can  
be  n o t i c e d  t h a t  i n  F ig .  \k  t h e  o s c i l l a t i o n s  o f  c'|'| seem t o  t e n d  t o  a 
s a t u r a t i o n  w i t h  I n c r e a s i n g  f i e l d .  They w i l l  d e c r e a s e  a t  h i g h  f i e l d s  
th o u g h  t h e  l a c k  o f  p o i n t s  In t h e  h i g h  f i e l d  r e g i o n  makes t h i s
y
v a l u e s  o f  7  t h e  q u a n t i t y  e ( I  -  7 )  s h o u l d  be r e p l a c e d ,  a s  
p o i n t e d  o u t  by H o r t o n ^  by
7 3 ,  so  t h a t
^  UH +
d
€ | j  i s  p r a c t i c a l l y  I n d e p e n d e n t  o f  T in  t h e  l i q u i d  h e l iu m  r a n g e .
pi*
P. H o r to n ,  p r i v a t e  c o m m u n ic a t io n .
2 0
a .
5 10 -10  ®
20 3




Fig.  iU. The Ca l cu l a t ed  Values o f  the  Longi tudinal  Thermal E f f e c t  |fj'| 
and the Tr ansve r se  Thermal E f f e c t
a f f i r m a t i o n  t e n t a t i v e .  F i n a l l y ,  ZI 1‘ b a r m a n ' s  e x p r e s s i o n s  p r e d i c t  a 
d i f f e r e n c e  o f  p h a se  o f  n / 2  b e tw een  th e  o s c i l l a t o r y  p a r t  o f  and
t h a t  o f  c'i' j - A d i r e c t  c h ec k  I s  n o t  p o s s i b l e ,  b e c a u s e  o f  t h e  d i f f i c u l t y  
t o  d e t e r m i n e  a c c u r a t e l y  t h e  o s c i l l a t i o n s  o f  cr j | ,  a s  p o i n t e d  o u t  by
B erg e ro n  In h i s  d i s s e r t a t i o n .
APPENDIX i
E x p e r i m e n t a l  S o u r c e s  o f  E r r o r
1. The n o i s e  l e v e l  In t h e  th e rm o m e te r  c i r c u i t  was h i g h e r  t h a n  In t h e  
g a I v a n o m a g n e t l c  e x p e r i m e n t s .  T h i s  would be e x p e c t e d  from th e  
I n t r o d u c t i o n  o f  l a r g e  r e s i s t a n c e s  In t h e  b r i d g e - l i k e  m e a s u r i n g  c i r c u i t .  
The t h e r m o m e te r s  t h e m s e l v e s  h ave  a r e s i s t a n c e  o f  a b o u t  IA Kohms a t  
1 .6°K, w h ich  in  I t s e l f  I s  an a p p r e c i a b l e  s o u r c e  o f  n o i s e .
2. The v a r i a t i o n s  In th e  dc c u r r e n t  f u r n i s h e d  by th e  b a t t e r i e s ,  
e s t i m a t e d  a t  19b d u r i n g  a  s i n g l e  run.
3.  The f o l l o w i n g  I s  an  e s t i m a t e  o f  t h e  a c c u r a c y  e x p e c t e d  f o r  e a c h  
o f  t h e  q u a n t i t i e s  m e asu re d .
*21 ' : ±1 x 10~- d eg -cm /w a t t .
* 1 , -1  : +5 x 10 J d eg -cm /w a t t .
C21 +8 x
-810 v o l t - c m / w a t t .
*21 1 *1^ x
-810 deg-cm/amp.
* i ,  ; ±1 X 10-7 deg-cm/amp.
I t  I s  c l e a r  t h a t t h e s e  e s t i m a t e s  o f  e r r o r s ,  w i l l  y i e l d  a h l g h -  
p e r c e n t a g e  o f  e r r o r  a t  l o w - f l e l d ,  w here  t h e  e f f e c t s  a r e  s m a l l ,  and 
l o w - p e r c e n t a g e  o f  e r r o r  a t  h l g h - f l e l d  w here  t h e  a m p l i t u d e  o f  t h e  
e f f e c t  i s  l a r g e .
77
78
C o m p u ta t io n a l  S o u r c e s  o f  E r r o r  
The p H n c l p a l  s o u r c e  o f  e r r o r  In t h e  c o m p u t a t i o n s  was In v o lv e d  
In t h e  e s t i m a t i o n  o f  t h e  t e m p e r a t u r e  d i f f e r e n c e  A T e q u i v a l e n t  t o  
t h e  v o l t a g e  s i g n a l  a p p e a r i n g  In  t h e  th e rm o m e te r  m e a s u r i n g  c i r c u i t *
The p r i n c i p l e  o f  t h e  c o m p u t a t i o n  r e l i e d  on t h e  f a c t  t h a t  any  o f  
t h e  A T m e asu re d  was o f  t h e  o r d e r  o f  a few ml 111 d e g r e e s .  The a v e r a g e  
t e m p e r a t u r e  o f  t h e  c r y s t a l  b e i n g  d e t e r m i n e d  t o  a h ig h  a c c u r a c y ,  t h e  
s l o p e  o f  t h e  c o r r e s p o n d i n g  p o i n t  on t h e  t h e r m o m e t e r ) c  c a l i b r a t i o n  
c u r v e s  was u s e d  In t h e  c o m p u t a t i o n  o f  A T.
The s o u r c e  o f  e r r o r  was t h e  f a c t  t h a t  a t  h I g h — f i e l d  v a l u e s ,  t h e  
t e m p e r a t u r e  d i f f e r e n c e s  c o v e r  a l a r g e r  r e g i o n  t h a n  t h e  r e g i o n  In which  
t h e  s l o p e  a p p r o x i m a t e s  t h e  c u r v e  I t s e l f .  T h i s  i n v o l v e d  a q u a d r a t i c  
c o r r e c t i o n  and  we to o k  s p e c i a l  c a r e  o f  i t .
The c o r r e c t i o n  was c a l c u l a t e d  a l o n g  t h e  f o l l o w i n g  l i n e :
The d e p a r t u r e  b e tw een  a  c u r v e  and  I t s  t a n g e n t ,  In t h e  n e i g h b o r h o o d  
o f  t h e  p o i n t  o f  c o n t a c t ,  I s  a q u a d r a t i c  f u n c t i o n  o f  t h e  In d e p e n d e n t  
v a r i a b l e .  The c a l i b r a t i o n  c u r v e  o f  e a c h  th e rm o m e te r  i s  a V ■ f ( T) 
c u r v e .
I f  t o  a v o l t a g e  d e f l e c t i o n  X t h e  s l o p e  a p p r o x i m a t  I on y i e l d s  a 
c o r r e s p o n d i n g  ( A T)x , and  I f  t h e  e x a c t  t e m p e r a t u r e  d i f f e r e n c e  is  
( A T ) ^ ,  t h e  v o l t a g e  d e f l e c t i o n  s h o u l d  be c o r r e c t e d  t o  read y  Y, such  
t h a t
&V
Y -  5T » ^ T>v
D e f in e  a c o r r e c t i v e  f a c t o r  by
Y -  (I + e)X
t h e n
e
X
S uppose  we d e t e r m i n e  c ■ €j f o r  t h e  h i g h e s t  f i e l d  v a l u e  
lower  v a l u e s  H o f  t h e  f i e l d ,  t h e  c o r r e c t i v e  f a c t o r  w i l l  be
« -  «i lS , ) ?
b e c a u s e  o f  t h e  q u a d r a t i c  n a t u r e  o f  t h e  e r r o r .
The p r i n c i p a l  a p p l i c a t i o n  was In t h e  c a s e  o f  ^21
th e  Lorenz  r a t i o s  L| and  L^-
We had £j -  0 . 1 ^ 3 2  f o r
€j -  0 . 1^ 3 2 / ^  f o r
and  f o r  t h e  Lorenz  r a t i o s ,  I t  f o l l o w e d  t h a t :
H  u n c o r r e c t e d
**1 c o r r e c t e d  “
I + c
L .  •  L2 u n c o r r e c t e d  / ,  _ / M





Data  f o r  t h e  c a l i b r a t i o n  c u r v e  of  th e  m a g n e t i c  f i e l d :
1 ( am peres) H (g a u s s ) 1 ( a m p e re s ) H ( g a u s s )
5*0 1683 13.0 4377
5 . 2 1750 1 3 .2 4444
5.** 1818 13-4 4518
5 . 6 1885 1 . 6 4579
5 - 8 1953 1 3 .8 4t>4c
6 .0 2020 14.0 4714
6 . 2 2087 1 4 .2 4781
6 . 4 2155 14 .4 4848
6 . 6 2222 1 4 .6 49 1 6
6 .8 2269 14.8 4983
7 . 0 2357 1 5 .0 5050
7 . 2 2424 1 5 .2 5118
7 . 4 2491 15 .4 5185
7 .6 2559 1 5 .6 5253
7 .8 2626 1 5 .8 5320
8 .0 2693 1 6 .0 5387
8 . 2 2761 1 6 .2 5455
8 . 4 2828 16.4 5522
8 . 6 2695 1 6 .6 5589
8 .8 2963 1 6 .8 5657
9 .0 3030 1 7 .0 5724
9 . 2 3097 1 7 .2 5791
9 . 4 3165 17 .4 5859
9 . 6 3232 1 7 .6 5926
9 . 8 3300 1 7 -8 5993
1 0 .0 3367 1 8 .0 6061
1 0 .2 3434 1 8 .2 0126
10 . 4 3502 18.4 6195
1 0 .6 3569 1 8 .6 0263
1 0 .8 3636 18.8 6330
1 1 .0 3704 1 9 .0 6397
1 1 .2 3771 1 9 .2 6465
11. 4 3838 19-4 6532
1 1 .6 3906 19*6 6599
1 1 .8 3973 1 9 .8 6 6 6 7
1 2 .0 404G 2 0 .0 6734
1 2 .2 4108 2 0 . 5 6 9 0 2
12 . 4 4175 2 1 .0 7071
1 2 .6 4242 2 1 .5 7239
1 2 .8 4310 2 2 .0 7407
8 0
81
1 ( a m p e re s ) H ( g a u s s )
2 2 . 5 7576
2 3 -0 7744
2 3 .5 7912
2b.  0 8081
25-0 8417
2 5 -5 8585
2 6 .0 8754
2 6 .5 8923
2 7 .0 9091
2 7 .5 9259
2 6 .0 9428
2 8 .5 9596
1 ( am p e re s ) H ( g a u s s )
2 9 .5 9933
3 0 .0 10101
3 2 .5 10960
3 5 . 0 11700
3 7 . 5 12440
4 0 . 0 13130
4 5 .O 14280
5 0 .0 15270
6 0 .0 16550
7 0 .0 17300
8 0 .0 I 785O
9 0 .0 ( 1 8 2 5 0 )
NOTE: The d a t a  l i s t e d  above  f o r  and  was c o l l e c t e d  by
N.H. Zebounl In t h e  O c t o b e r ,  i 9 6 0 ,  In t h e  run  c l a s s i f i e d  " L o u i s e . "  
The d a t a  f o r  A p i .  and  p p i  was s i m i l a r l y  c o l l e c t e d  In t h e  run 
c l a s s i f i e d  "Marta '. '
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N u m er ica l  d a t a  c o r r e s p o n d i n g  t o  F i g s .  8 ,  3, end  10:
I A i j x l O - 2  i l x l O 2  A p ^ x l O 10 P 21X109 q x l O 3 L~x l0 3
Amperes ° K - c m /w a t t  °K-cmA#at t  onm-cm ohm-cm ( v o l t / d e g ) ^  ( v o l t / d e g ) ^
5 2 0 .9 0 + 9 . 5 9 104 .56 ----- 2 .5 0 0
6 2 6 .3 2 + 1 0 .2 6 132 .36 ♦ 5 . 0 7 2 -5 1 4 2 .4 6 8
7 3 2 .4 3 + 1 0 .5 5 163.41 + 5 . 3 8 2 . 5 2 0 2 . 5 5 0
8 3 9 .4 5 + 1 0 .3 4 1 9 5 .1 2 + 5 . 3 5 2 .4 7 3 2 . 5 8 7
9 4 6 . 2 6 + 1 0 .0 2 2 2 6 .7 4 + 5* 12 2 .4 5 2 .5 5 3
10 5 3 . 7 6 + 9 . 3 8 2 6 2 .8 8 + 4 . 7 I 2 .4 4 5 2 .511
11 6 1 .5 0 + 7 . 9 4 ----------- + 4 . 0 8 --------- 2. 566
12 68 .81 + 7 . 9 2 331 .01 + 3 . 8 6 2 .4 0 5 2 . 4 3 7
13 7 6 .3 5 + 5 .6 5 3 6 8 . 18 + 2 .5 9 • 2 .4 1 1 2 .2 9 0
14 8 4 . 8 2 + 3 .7 6 4 0 5 .3 5 + 1 .64 2 .3 9 0 2 . 180
15 9 3 -0 8 + 2 .1 1 4 4 5 . 2 4 + 0 .7 9 2 . 3 9 2 1 .8b0
16 IOI .3 5 + 1-52 4 8 4 .2 5 + 0 . 6 6 2. 389 2 . 1 6
17 ----- . . . - 1 .99 5 2 1 .7 8 -  0 . 9 0 . . . . . 2 . 2 b
18 117.95 - 6 .5 4 5 5 9 . 6 7 -  3 .21 2 . 3 7 3 2 .4 5 5
19 126 .37 - 9 .8 7 5 9 4 .4 9 -  4 . 7 2 2. 352 2 .3 9 0
20 1 3 4 .0 2 - 12 .35 6 3 1 .6 6 -  5 .8 6 2. 357 2 .3 7 0
21 142 .45 - 15 .30 6 7 3 .5 3 -  7 . 3 6 2 .3 6 4 2 .4 0 4
22 1 5 1 .1 7 - 17 .44 7 I6 .7 2 -  8 .3 2 2 .3 7 1 2. 380
23 1 6 0 .3 2 - 1 8 .4 2 7 6 0 .7 6 -  8 .6 5 2 .3 7 3 2. 347
2k 1 6 8 .7 7 - 1 9 .80 8 0 5 .4 6 -  9 .3 1 2 .3 8 6 2. 350
25 177 .63 - 2 2 .7 1 8 4 4 .5 1 - I O .7 8 2 . 3 7 7 2 .3 7 3
26 186 .28 - 2 6 .9 1 8 8 4 .6 0 - 1 2 .6 3 2 .3 7 5 2 .3 4 6
27 193 .83 - 3 2 .4 5 9 1 9 .9 7 - 1 5 . 0 5 2 .3 7 3 2 .3 1 9
28 - 3 7 .7 0 9 5 3 -4 8 - 1 7 . 5 8 --------- 2 . 3 3 2
29 2 0 9 . 8 2 - 4 2 .7 1 9 8 6 .1 3 - 1 9 . 9 4 2 . 3 5 0 2 .3 3 4
30 2 1 7 .8 3 - 4 7 .0 1 1024 .30 - 2 1 . 9 1 2. 351 2 .3 3 0
35 2 5 8 .0 3 - 6 5 . 2 2 1221 .80 - 3 0 . 5 7 2 .  367 2. 344
40 2 9 8 .0 1 - 8 0 . 9 4 1 4 0 6 .3 0 - 3 7 .6 5 2. 360 2 .3 2 6
45 3 3 3 -7 0 - 9 0 .9 6 I5 7 0 .OO - 4 2 . 4 8 2 . 3 5 2 2. 335
33
N um er ica l  d a t a  f o r  F i g s .  12 and  13:
‘ 8 '
1 X 1° €?* Amperes V o l t - c m / w a t t  V o l t -
5   - 1 .
6  - 2 . 4 6  - 1.
7 -  4 . 8 3  -1*
8 -  7.61  - 1.
9 - 1 0 . 6 4  - 2 .
10 -  9 . 2 5  - 2 .
11 -13*51  - 2 .
12 - 1 5 . 8 0  - 0 .
13 - 2 1 .6 1  - 3 .
14 - 1 3 . 4 2  - 6 .
15 - 2 1 .1 2  - 3 -
16 - 2 8 .6 5  +2 .
17 - 4 2 . 4 0  +0 .
18 - 5 0 .5 0  - 4 .
19 - 4 0 . 7 6  - 4 .
20 -  3 - 2 7  - 4 .
21 + 1 0 .9 7  ' 3 .
22  -  9 . 0 9  - 8 .
23 - 3 3 * 0 7  - 4 .
24 - 5 3 . 4 5  +0 .
25 - 7 6 .7 8  +4.
26  - 1 0 0 .0 0  +6 .
27 - 1 1 2 . 3  +5*
28  - 1 1 5 . 3  +3-
29 - H 7 .3  - 0 .




x 10T 7« j j x 10
1
*21 x 10
c m /w a t t cm-°K/amp cm-°K/am|
20 -  8 . 8 5
69 - 1 2 . 8 9
63 - 1 0 . 8 4 -  6 . 8 5
32 - 1 1 . 2 8 -  7*44
33 - 1 3 * 9 4 -  4 . 6 4
99 - 1 5 . 4 9 -  9 .0 1
25 - 1 5 . 3 8 -  6 . 4 7
86 - 1 5 * 2 7 - 1 2 . 2 9
86 - 1 9 . 3 0 - 1 3 . 9 7
65 - 1 5 . 3 2 -  9 . 6 5
07 - 1 9 . 0 8 ♦ 2 . 6 9
83 - 2 2 . 8 4 - 1 3 . 3 8
68 - 2 8 . 5 4 - 3 5 . 2 8
68 --------- - 2 7 - 1 3
02 - 2 3 . 0 6 - 1 2 . 0 8
90 - 1 4 . 9 3 - 1 3 .0 0
88 - 1 3 .1 0 -  9 . 4 4
76 - 2 0 . 2 4 + O.8 3
50 - 2 7 . 0 3 + 3 . 9 3
66 - 3 4 . 9 6 - 4 . 2 1
24 - 4 7 . 5 7 - 2 6 . 9 0
21 - 5 ^ . 8 2 - 4 j . 3 2
42 - 5 7 . 5 8 - 3 3 - 3 9
03 - 5 6 . 6 4 - 3 5 . 2 9
16 - 5 5 * 9 V - 4 5 .0 3
- 5 3 . 3 7
- 4 8 . 2 9
- 4 4 . 0 3
- 3 4 .5 1
- 3 3 . 1 7
NOTE: The v a l u e s  o f  c! , l i s t e d  h e r e  a r e  from e x p e r i m e n t a l  d a t a
c o l l e c t e d  by C. J .  B e r g e r o n  In 1959* nam ely ,  h i s  runs  c l a s s i f i e d  
SK2k and  SK2J. The v a l u e s  o f  l i s t e d  h e r e  a r e  from e x p e r i m e n t a l  
d a t a  c o l l e c t e d  by N. H. Zebounl in  t h e  S p r i n g ,  i 9 6 0 , namely h i s  
run  c l a s s i f i e d  " H e l e n . "  S i m i l a r l y ,  and  were  c o l l e c t e d  by 
N. H. Z e b o u n l ,  S p r i n g ,  i 9 6 0 ,  i n  t h e  ru n s  c l a s s i f i e d  KIkl 1 and  2.
N u n er lca l d a t a  f o r  co m pu ta t ion  of the c o e f f i c i e n t s  of Fig . 14:
1 ^21  x *11  x 10
1 8 
c21 *  10
1 8 
€11 *  1° °21  x 10” ^. -1  -1  ohm -cm
a n  x 10 
ohm *-cmAmperes °K-cm/watt °K- cm/wat t V o l t - c m /w a t t V o l t - cm /w a t t
5
6
- 10 .18  
-  7 .8 8
+30.95
2 6 .5 8 -  2 .4 6 - 1 5 .6 2 +53-28
7 -  5 .9 7 23.03 -  7 .6 9 -  4 .8 3 - 1 2 .1 0 1+5.85
8 -  4 .3 4 2 0 .0 2 -  2 .5 7 -  7 . 6 I -  9 .1 6 4 0 .36
y -  3 .2 6 17.71+ + 3-25 -  10.64 -  6 .9 0 3 6 .1 0
10 -  2 .3 8 15.76 -  25.69 -  9-25 -  5 .0 0 3 2 .2 0
11 -  1.61 11+. 15 + 6 .8 5 -  13.51 ------ --------
12 -  1 .32 12.81+ -  4 .2 6 -  1 5 .8 0 -  2 .7 7 2 6 .6 3
13 -  0 .7 8 6 11.77 -  1*6 .2 0 -  2 1 .6 1 -  1.54 24 .37
14 -  0.1*33 10.73 + 14.97 -  13*42 -  0 .8 2 2 22 .40
15 -  0 .2 0 5 9 .8 6 +  1+3.63 -  2 1 .1 2 -  0.33*+ 2 0 .5 8
16 -  0 .127 9 .1 2 + 5-11+ -  28 .65 -  0 .239 19.05
17 -------- - 1 0 0 .9 7 -  4 2 .40 + 0 .284 17.78
i o +  0.1*09 7 . 9 0 -  70.33 -  5 0 .50 + 0 .889 1 6 .6 2
19 + 0 .5 4 2 7 .39 ♦  15.1*0 -  4 0 .7 6 + 1 .163 15 .66
20 +  0 .6 0 5 6 . 9 7 +  2 7 .3 6 -  3 .2 7 + 1 .288 14.77
21 + 0 .6 6 6 6 .5 7 + 1*6.37 + 10.97 + 1.428 13.85
22 + 0 .6 7 8 6 .2 0 + 109 .69 -  9 .09 + 1.434 13.05
23 ' + 0 . 6 i*o 5 . 8 6 + 128 .3 6 * 33*07 + 1.331 12.34
2** + 0 . 621+ 5-53 + 6 1 .1 8 -  53 .45 + 1.285 11 .68
25 ♦  0 . 6 i*8 5 .3 0 -  l»l . 06 -  7 6 .7 8 + 1.357 11.13
2 6 +  0 .6 9 7 5 . 01+ -125-79 - 1 0 0 .0 0 +  1.448 10.61
27 + 0 .775 1+.82 - I 61+.70 - 112 . ^ +  1.593 1 0 .1 6
26 --------- ------- -1 5 5 .7 3 -1 1 5 .3 + 1.725 9-75
29 + 0.861+ i*.i+l -1 0 8 .5 0 -1 1 7 .3 + 1.823 9 .39
30 +  0.881 4 .2 4 -  1+6 .6 3 -115 .  1 + 1.854 9 .0 1
+  0 .8 6 8 3- 51+ -  8 .5 6 +  1.812 7 .48
ko + 0 .8 0 7 3-05 +  23 .95 + 1.684 6 .4 7
45 + 0 .7 2 6 2 . 73 + 1+9 .6 2 + 1.531 5 .8 0
NOTE: The d e t a  l i s t e d  above f o r  and t l j  was c o l l e c t e d  by C.G. Bergeron In 1959 In h i s  runs
c l a s s i f i e d  yK21 ( e ^ l )  and SK2 k and SK2j U l i ) .  The v a l u e s  f o r  X2 1 and *11 " e r #  computed from d a t a  
c o l l e c t e d  by N.H. Zebounl In O c tober ,  1960/ In the  run c l a s s i f i e d  " K a r l a . "  The v a l u e s  f o r  Onj and 
o i l  were c tmputed f r o n  d a t a  c o l l e c t e d  by N.H. Zebounl In O c tober ,  i 9 60 ,  in the  run c l a s s i f i e d  " L o u is e .
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